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INTRODUCTION 


Chromosomes play so important a role in heredity and 
development that it is desirable to know their entire life 
cycle since this knowledge will provide a basis for a bet- 
ter understanding of their behavior. 
more perhaps to a lack of suitable material than anything 
else, only a portion of their life cycle has been studied. 
That place in the cycle where duplication occurs has 
really not been studied, notwithstanding the fact that 
many accounts of the division of chromosomes have been 
published. These accounts, for the most part, deal with 
late stages in the separation of daughter chromosomes, 
not the duplication of the parent chromosome. 

The idea that chromosomes disappear and reappear in 
each cell generation is still fairly common, even among 
biologists, although genetics showed long ago that 
chromosomes must be continuous from one generation 
to another. The proof of this statement. if anyone 
doubts it, may be seen in the following quotations from 
two papers, the like of which are still being published 
in fairly great numbers: Rafalko (1947) “The chromo- 
somes disintegrate into tiny particles”; Noble (1947) 
“The Feulgen-positive reaction of the endosome, and its 
tendency to break up and mingle with periendosomal 
granules suggests that the endosome takes part in 
chromosome formation.” 

During the last twenty years several hundred papers 
have appeared describing minor, major, and (in a few 
instances) super coils of chromosomes. But these coil- 
ing systems, like the chromosomes, have been studied in 
only a small portion of their life cycle. What happens 
to them during most of the cycle, how and when they are 
produced, how and when they disappear, and many other 
events in their life cycle are unknown. 

It is the object of this paper not only to clear up these 
unknown events in the life cycle of chromosomes but 


Heretofore, owing 


also to point out certain erroneous conclusions that have 
been made regarding the manner in which relational coil- 
ing is produced and disappears, the relation of centro- 
inere_ to matrix, and 
chromonema. 

It is also the aim of this paper to give such an accurate 
and complete account of all the events in the life cycle 
of chromosomes and their coiling systems that it will 
dispel some of the vague generalities and sheer specula- 
tions that have been tossed about for many years without 
really having advanced our knowledge of cytology very 
much if at all. 

The results reported here are based on detailed studies 
of the chromosomes of seven families and forty genera 
of flagellates. However, only a very small amount of 
the material studied is considered in this paper. The 
studies were completed several years ago but were not 
published because before doing so I wanted to compare 
these chromosomes with those of other classes of proto- 
zoa and of higher animals and plants to determine 
whether all chromosomes are fundamentally alike or 
whether these chromosomes of flagellates belong in a 
special themselves. This comparison—to- 
gether with the initial task—was so long and arduous 
that several of my colleagues thought it would never be 
completed. However, it was worth while since I am 
now able to say with definite assurance that all chromo- 
somes belong to either one or the other of the two types 
described here (single or double chromatids ). 

Major coils can be seen in many types of cells in ani- 
mals and plants when the material has been property 
fixed and stained or when viewed in the living condition 
with good phase contrast equipment; and minor coils 
may also be seen clearly, in a fair number of cells, under 
the same conditions, by the eye accustomed to looking 
for them, but the whole life cycle of chromosomes can be 
observed in very few cells. The number of chromo- 
somes must be small and the task is easier when they are 
rod-shaped. If every detail is to be seen with unmistak- 
able clarity in all phases of the life cycle, the number of 
chromosomes cannot be more than two, and even then 
it is a great help, in those stages when only minor coils 
are present, if there is some simple, clear-cut method of 
distinguishing one chromosome from the other. Cer- 
tain species of the genera Holomastigotoides and S piro- 
trichonympha 


chromosome, relic coiling, 


class to 


fulfill all of these exacting conditions 
perfectly. In addition, one large species of Holomas- 
tigotoides, H. tusitala species novum, has an achromatic 
figure, centromeres, and centrioles which can be seen 
clearly throughout the life cycle of the chromosomes. 
This, together with the fact that in this (and in some re- 
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lated) species the chromosomes are always anchored to 
the centrioles, that each of the two chromosomes has a 
terminal nucleolus, and one, the longer chromosome, has 
a lateral nucleolus, makes it possible to identify any por- 
tion of either chromosome in any stage of its life cycle. 
For these reasons this organism has been used mostly in 
illustrating the life cycle of chromosomes (a few draw- 
ings of other species and genera have been included to 
show the uniformity of chromosomal morphology). Of 
the slightly over 500 species of flagellates studied, a few 
were almost as good as H. tusitala; but most of them 
were not. However, in all of them—even those with a 
large number of chromosomes—it is perfectly clear that 
the chomosomes go through precisely the same stages 
of development as those of this organism, despite the fact 
that each chromosome cannot be traced individually from 
telophase to telophase. The same, of course, is also true 
with cells of higher forms. 

Chromosomes vary in shape from those of two arms of 
equal length to those of a single arm, the shape depend- 
ing on the position of the centromere. Despite the fact 
that the existence of terminal centromeres has been ques- 
tioned by many cytologists, and in some instances cate- 
gorically denied, they very definitely occur. 

Since there is no general agreement among cytologists 
as to when a daughter chromosome or chromatid be- 
comes a chromosome, it is desirable for me to state how 
[ am using these terms, and to use them uniformly 
throughout the paper (unfortunately some authors do 
not). As soon as duplication in a chromosome or a 
chromatid occurs, each part is as much of a chromosome 
as it will ever be, and should be so termed; but long- 
established usage makes it difficult to employ this ter- 
minology. The next point, when the daughters might 
be termed chromosomes, is after they have lost their re- 
lational coiling, but are still in the parent nucleus. After 
this, another place where a good many cytologists begin 
to call them chromosomes, is when nuclear division is 
completed ; but if this is done before reorganization of 
the nuclear membrane is accomplished, one might as well 
call them chromosomes as soon as they have separated. 
On the other hand, if one waits until a new nuclear 
membrane is organized, in some instances one will not 
call them chromosomes until cell division is accom- 
plished. This point is objectionable then because the 
terminology would not apply uniformly to all cells. 
Perhaps the least objectionable point at which to begin 
calling them chromosomes is after cell division, but there 
are difficulties even here when one is dealing with multi- 
nucleate cells or syncitia. Such terms as daughter 
chromosomes, chromatids, and half chromatids’ would 
be unnecessary—in fact need never have been coined 
if we would only admit that a cell does not have the same 
number of chromosomes all the time, that after it di- 
vides it has half the number that it has later after the 
chromosomes are duplicated. 
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employing a chromatid does not become a chromosome 
until after cell division. 

It has also been difficult for me to choose between 
the usage of daughter chromosome and chromatid. It 
certainly seems desirable in meiosis, where chromosomes 
from two parents are concerned, to use chromatid ; and 
in mitosis, either hapioid or diploid, to use daughter 
chromosome ; but the problem is not as simple as this. 
For example, when a haploid cell becomes diploid due 
to endomitosis and then by meiosis returns to a haploid, 
the chromosome set-up is the same as in mitosis, yet 
tetrads are formed and crossing over occurs just as in 
And, in addition to 
this, we are finding more and more examples all the time 


either gametic or zygotic meiosis. 


of diploid mitosis where tetrads and crossing over may 
be seen plainly. In view of these facts, and others which 
will appear later, it seems desirable to me to use chro- 
matid both in meiosis and mitosis. Ili daughter chromo- 
some is used regard it as a synonyin of chromatid. 
Practically all the well-known fixatives and _ stains 
Schaudinn’s and Flemming’s gave 
slightly better results than other fixatives. Heidenhain’s 
iron alum hematoxylin,’ Feulgen, crystal violet, and 
Bodian’s stains were used most. Either Feulgen or 
crystal violet stains the chromosomes of all cells in a 
preparation more uniformly, but hematoxylin, when 


have been used. 


properly prepared and handled, has a far greater degree 
of differentiation and therefore will show minor coils 
more plainly when these are incorporated in close-to- 
gether, large, major coils of metaphase chromosomes. 
The other stains, in my hands, tend to fill in the spaces 
between the minors in the tight majors and thus show 
the majors more plainly than hematoxylin, but the mi- 
nors less plainly. Bodian’s, except in a few organisms 
and following certain fixatives, stains chromosomes 
poorly, but no other stain stains most extranuclear or- 
ganelles plainly at all in comparison to it. 

I cannot express the depth of my indebtedness to Mrs. 
Laura O. Samuelson for the care and time—better part 
of six years—she has taken in making the drawings. 

| am also greatly indebted to Dr. Harold Kirby for 
preparations of the protozoa of several species of ter- 
mites which, together with my own preparations, enable 
me to make certain generalizations regarding distribu- 
tion and types of Spirotrichonymphidae which I other- 
wise could not make. 

Dr. E. M. Miller, of the University of Miami, ren- 
dered valuable assistance by keeping me well supplied 
with living Prorhinotermes simplex Hagen. 


1] keep a 10 per cent stock solution in 95 per cent ethyl alco- 
hol. It is diluted with distilled water to 1 per cent before it is 
used and no time is allowed for ripening. The preparations are 
transferred directly from the 4 per cent iron alum to the stain 
without washing off any of the adhering iron alum. In this way 
the stain ripens as it stains and should be discarded within a day 
or two. The staining time is 30 to 60 minutes and destaining is 
carried out rather quickly in 4 per cent iron alum. 
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This investigation has been supported by grants from 
the Penrose Fund of the American Philospohical Society 
and the Milton Fund of Harvard University. 


THE GENUS HOLOMASTIGOTOIDES 


This genus was established by Grassi and Foa in 1911 
at which time they described a single species, H. hertwigi 
from Coptotermes hartmannit Holmgren from Brazil. 
Grassi (1917) described two species, H. mirabilis from 
Coptotermes sjostedt Holmgren from French Guiana 
and H. hemigymnuim from Coptotermes lacteus Froggatt 
from Australia. Koidzumi (1921) described H. hart- 
mannt from Coptotermes formosanus Shiraki from For- 
MacKinnon (1926) studied from Heteroterimies 
(= Leucotermes) tenuis Hagen from Trinidad what she 
thought desirable (in view of Grassi’s single figure and 
very brief description of H. hemigymnum) to regard 
temporarily as H. hemigymnum. I have preparations 
of the protozoa of both termites and the organism Mac- 
Kinnon studied is clearly a new species. 

De Mello (1942) says he has found 13 species of 
Holomastigotoides in India in Heterotermes (= Leuco- 
termes) indicola and in unidentified species of Hetero- 
termes and Coptotermes, most of the species being, in 
his opinion, new. Several species of Holomastigotoides 
have been described from Hodoterimes, but these, in my 
opinion, belong in another genus. No one has described 
any protozoa from Prorhinotermes or Psammotermes, 
and there are many species of Holomastigotoides in each 
genus. 


mosa. 


There are undescribed organisms in Schedo- 
rhinotermes which, like those of Hodotermes, are fairly 
closely related to Holomastigotoides, but which, in my 
opinion, should be placed in another (new) genus. In 
Rhinotermes there are no forms related to Holomastigo- 
toides. There are also no organisms known from Retic- 
ulitermes which belong in this genus, but a related genus 
is present. This, then, so far as our present information 
goes, restricts Holomastigotoides to four genera of ter- 
mites: Prorhinotermes, Heterotermes, Coptotermes 
(figs. 46, 48, 51)*, and Psammotermes (fig. 47). I 
have studied the protozoa of many species of each of 
these genera and in each species there are always several 
species of Holomastigotoides. The question of species 
in this genus presents many unusually interesting prob- 
lems which I hope sometime to find time to consider. 

Holomastigotoides, like most genera of the family 
Spirotrichonymphidae, has bands from which the flagella 
arise, which spiral a good portion of the body anterio- 
posteriorly, and which are known as flagellar bands. 
The degree of spiralization depends on the size of the 
cell and the number of bands present. There are small 
species with only two bands, and large ones with as 
many as sixty. There are many species with numbers 
between two and sixty. When many bands are present, 

2 All figures are in the plates at the end of the paper; text- 
figures appear in the body of the text. 
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as in several of the large species from Psammotermes, 
Coptotermes, and Heterotermes, there is not room for 
them to spiral the body more than once, or at most twice ; 
but, when fewer bands are present, they may spiral the 
body several times, each spiral of the body being equiva- 
lent to one gyre of coiling in a chromosome. These 
spiral bands, like chromosomes in certain stages in their 
life cycle, are also relationally coiled and have to unwind 
in order to separate. This presents special problems for 
a cell when it undergoes cytoplasmic division. A few 
genera of the Spirotrichonymphidae have solved the 
problem by discarding the old bands and developing new 
ones during each cell generation, but most genera, in- 
cluding Holomastigotoides, retain the bands of the parent 
cell and pass them on to daughters, each daughter some- 
times receiving the same number of bands, sometimes 
not. And in Spirotrichonympha bispira (Cleveland, 
1938) the parent cell retains both bands and no unwind- 
ing occurs. One centriole migrates to the posterior end 
of the cell where it produces new bands for the small, 
posterior daughter. However, in the closely related 
species, S. polygyra, the bands, of which there are four, 
unwind and two go with each daughter. A study of the 
various types of behavior of these flagellar bands in sev- 
eral hundred species of flagellates has helped me greatly 
in understanding chromosomes. They have individual 
and relational coiling just as chromosomes do, and they 
lose relational coiling in the same manner as chromo- 
somes, by unwinding; but the relational coiling of the 
bands is not produced by the same type of duplication as 
occurs in chromosomes; a band (or bands) grows out 
from a centriole and follows an old band, thus acquiring 
a spiral like the old one as it increases in length. But 
a new band will also spiral as it extends across the body 
when no old band is present. Its individual spirals or 
coils, like the minor coils of chromosomes, are due to its 
inherent molecular structure, and when this substance 
is duplicated, irrespective of whether duplication is 
linear, as in the spiral bands, or lateral, as in chromo- 
somes, the new band or the new chromosome spirals in- 
dividually like its mate or parent, and the two, bands or 
chromosomes, are therefore relationally coiled. Rela- 
tional coiling in chromatids, then, means that each of 
the two relationally coiled chromatids have identical in- 
dividual minor coiling systems, that the parent chromo- 
some which produced them had the same system and, in 
duplicating itself, passed its minor coiling system un- 
changed to its daughters. The existence of relational 
coiling, either of chromatids or half chromatids, means 
minor coils were present when duplication occurred. In 
fact, it is not necessary to be able to trace the minor coils 
from one generation to another—or even to see them 
at all—to prove that they are present at duplication, be- 
cause the presence of relational coiling is sufficient proof 
in itself of the existence of an individual coiling system. 
Then, since majors and supers disappear some time be- 
fore duplication occurs, the individual coils that are 
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present and are responsible for the relational coiling 
must be minors. 

In all species of Prorhinotermes, all species of Holo- 
mastigotoides have rod-shaped chromosomes; the same 
is true for all species of Heterotermes except one, H. 
platycephalus from S.W. Australia. Here the situation 
is the same as in many species of Coptotermes, namely, 
one rod-shaped and one V-shaped chromosome in two- 
chromosome species. In all species of Psammotermes, 
the two-chromosome organisms have a V anda J. In 
all four of these genera of termites the basic form of 
Holomastigotoides has two chromosomes; however an- 
euploidy and polyploidy have occurred throughout the 
group, producing forms with three and four chromo- 
somes in all four genera and, in Psammotermes, forms 
with five chromosomes. It is perhaps undesirable at 
present on the basis of the chromosomes alone to regard 
these forms with more than two chromosomes as species, 
although they are larger, particularly those with four 
and five chromosomes. 

There are also two types of cytoplasmic division, 
transverse and longitudinal, which occur in all the forms 
with two and three chromosomes, but only longitudinal 
division occurs in the four and five chromosome forms. 
Evidently the longitudinal type of division, which pro- 
duces daughter cells of equal size and to which an 
equal number of parent flagellar bands are passed on, 
is the original and more general type of division; 
and the transverse type, which produces daughter cells 
of unequal size except in forms with only two bands, 
should be regarded as of more recent origin, even 
though it arose prior to the Tertiary (because it occurs 
in Holomastigotoides from all species of these four gen- 
era of termites which have been separate and distinct 
for a longer period). In the transverse type of division, 
one flagellar band becomes free of the other bands (or 
band) anteriorly and as it unwinds it moves slowly pos- 
teriorly, finally becomes completely separated from the 
other bands and occupies the small, posterior portion of 
the cell which, prior to the beginning of division, was 
free of flagellar bands. Here this band tightens its coils 
and the cytoplasm slowly constricts between it and the 
remaining anterior bands; and finally a small posterior 
daughter cell with a single flagellar band becomes free 
(figs. 34-39, 78-80). Then begins a fairly long period 
of growth of cytoplasm and formation of new bands so 
that eventually this cell is as large as the parent cell from 
which it separated and has the same number of flagellar 
bands. Meanwhile the anterior daughter develops a 
single new band so that it too has the same number as the 


parent cell. 

Although there is considerable difference in individ- 
ual termites in the number of transverse dividing and 
longitudinal dividing organisms present, on the whole 
the two types occur in approximately equal numbers. 
ven though there is a marked and constant difference 
in these forms in the position of the lateral nucleolus 
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and the size and number of major coils, I have tried, at 
times, to conceive of some plan whereby one form 
might produce the other; such, for example, as a five- 
banded transverse dividing form and an eight-banded 
longitudinal dividing form. If a five-banded form pro- 
duces an anterior daughter with four bands and a poste- 
rior daughter with one band, then, if the four-banded 
form produced four new bands, this would give a cell 
with eight bands, the number in the longitudinal divid- 
ing species; and, on the other hand, if the one-banded 
form produced four new bands, this would make five, 
the number in the transverse dividing species. But 
this sort of scheme is clearly unworkable since it would 
soon exhaust the supply of transverse dividing forms. 
Also the fact that diploids divide only longitudinally 
suggests that each type is independent. 

In Holomastigotoides centrioles always follow two 
adjacent flagellar bands irrespective of the number of 
bands present. In transverse dividing forms, they fol- 
low the bands to a point near the nucleus ; here, in many 
species, they leave the bands and, by means of an ever 
present—either in whole or in part—achromatic figure, 
connect with the nucleus and thus serve to keep it always 
in precisely the same position in a cell. In longitudinal 
dividing forms, the centrioles are very short and extend 
along the flagellar bands only a short way from the an- 
terior end toward the nucleus (figs. 40,90). In these 
forms the nucleus, except for axostyles that surround it, 
is free in the cytoplasm ; and unlike that of the transverse 
dividing forms it has no connection with the early achro- 
matic figure, which, even though always present, lies a 
considerable distance from the nucleus in the prophase, 
much too far to make connection with the chromosomes 
(figs. 40, 44, 45, 84, 85). 

Only two workers, Koidzumi (1921) and MacKin- 
non (1926), have written anything regarding mitosis in 
Holomastigotoides, and neither saw any stages in divi- 
sion. What they thought were dividing forms, even 
though all alike, were actually resting prophases. What 
they did not know, nor I either for some time, was that 
the chromosomes of Holomastigotoides and several other 
genera of flagellates rest in the prophase. The same is 
true for other groups of protozoa, and is not unknown in 
higher forms. In some genera resting nuclei are in the 
telophase, but in most cells, protozoa as well as higher 
forms, the resting stage is when chromosomes are in the 
apparently longest stage of their life cycle, that is, when 
only minor coils are present. This stage is generally 
known as “interphase,” although if “interphase” and 
“resting” are regarded as synonyms—they should not 
be—the same term is really just as applicable to those 
organisms where resting nuclei have prophase or telo- 
phase chromosomes. Much confusion and misunder- 
standing will be avoided if resting stage is used for the 
stage when chromosomes are undergoing little 1i any ac- 
tivity, irrespective of whether they are in the prophase, 
telophase, or interphase stage of their life cycle. 
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SPECIES OF HOLOMASTIGOTOIDES IN 
PRORHINOTERMES 


The species of Holomastigotoides are the same in all 
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the species of Prorhinotermes that | have examined, and 
this includes species from Florida, Madagascar, and the 
Dutch East Indies, which species have been separated 
for a considerable period of time. Hence, the many in- 
teresting features of these flagellates are, to say the least, 
not of recent origin. 

The two largest species, H. tusitala sp. nov., which 
divides transversely, and H. diversa sp. nov., which di- 
vides longitudinally, are described briefly in later sec- 
tions of this paper, and need not be considered here. All 
the other species are smaller, have smaller chromosomes, 
and with one exception, have fewer flagellar bands ; and, 
since there is no difficulty in differentiating them from 
the two larger species whose chromosomes receive most 
consideration, detailed descriptions, necessary for nam- 
ing them, seem unwarranted at this time. 

If these smaller organisms were divided into species, 
it would be done mostly on the number of flagellar bands 
and the type of cytoplasmic division, longitudinal or 
Of those that divide transversely, there are 
three species with less than five flagellar bands, the num- 
ber in H. tusitala ; and of those that divide longitudinally, 
there are at least three, possibly four, species with fewer 
than eight flagellar bands, the number in H. diversa. 
The same types of haploids, aneuploids, and diploids oc- 
cur in these species as in H. tusitala and H. diversa 
where they are described. All species, irrespective of 
the number of chromosomes or the type of division, exist 
in two types, namely those with single and those with 
double chromatids (compare figs. 44 with 84 and 45 
with 85). Single and double chromatids also occur in 
Holomastigotoides from Coptotermes, Heterotermes, 
and Psammotermes; in Spirotrichonympha (figs. 49, 
50, 86), and in several other genera. These types have 
either arisen independently in each genus or they are 
older than these genera of termites—very probably the 
latter. Although there is considerable difference in the 
size of the major coils of the single and double chro- 
matids, and certainly no possibility of a chromatid chang- 
ing from one type to the other quickly or easily, it seems 
somewhat undesirable to me to make species on this basis 
alone, and there are clearly no other observable differ- 
Perhaps this is an example of evolution in chro- 
mosomes which has not produced noticeable cytoplasmic 
the small posterior daughter cells 
—produced by unequal transverse division of the cyto- 
plasm—of one type never attempt to enter dividing cells 
of the other type, nor do posterior daughters, of one type, 
ever attempt to fuse with those of the other type, 
(fig. 91). Hence, cells with single chromatids must be 
quite distinct cytoplasmically from those with double 
chromatids. 

These posterior daughters, which partially fuse with 
themselves, with dividing cells in the process of produc- 


transverse. 


ences. 


changes. However, 
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ing posterior daughters, and occasionally with anterior 
daughters, may represent the functionless remains of a 
once well established sexual cycle, which has become 
greatly distorted and mostly suppressed through the 
long period of evolutionary changes, morphological and 
physiological, in their termite hosts since they diverged 
from their problattoid ancestors (figs. 91, 93). They 
may represent gametes which are no longer able to fuse 
completely and hence to carry out their former function 
of fertilization, as their close relatives, Leptospironym- 
pha and Macrospironympha, are still able to do in their 
blattid host, Cryptocercus, in which far fewer morpho- 
logical and physiological changes have occurred than in 
termites (Cleveland, 1947a, 1947b). If these assump- 
tions are correct, these cells, which once functioned as 
gametes can only survive now by developing new flagel- 
lar bands, the same number as the parent cell which pro- 
duced them—followed by a long period of cytoplasmic 
growth. Observations indicate that most of them repro- 
duce asexually in this manner ; a few may fail to survive. 
However, if most of them did not survive, the longitu- 
dinal dividing species, which produce nothing even 
remotely resembling gametes, either in structure or func- 
tion, would soon overgrow the transverse dividing 
species if only half of their progeny survived. 

In the protozoa of termites, as in those of Crypto- 
cercus, most cell division is correlated with molting in 
the host. In Cryptocercus, however, the protozoa pro- 
duce either gametes, gametic nuclei, or gametic chromo- 
somes under the influence of the roach molting hormone, 
some genera reacting in one way, some in another to the 
hormone. In termites, so far as we know, all protozoa, 
except a few small species of polymastigote flagellates, 
are lost each time the insect molts, and have to be re- 
gained from the non-molting members of the colony. 
This is true, according to Dr. Max Day who recently 
made observations for me, even in the most primitive, 
roach-like termite, Mastotermes darwiniensis. How- 
ever, since the hypermastigote flagellates of roaches and 
termites are undoubtedly of common origin and are still 
very closely related, it would be surprising not to find 
somewhere, in the vast array of species and genera of 
termites that exist today, at least a remnant in some form 
of the sexuality which existed in this group of flagellates 
for millions of years prior to the divergence of termites 
and roaches. Perhaps this is what I am seeing in Holo- 
mastigotoides. Only more study, particularly shortly 
before and after molting, will give a definite explanation 
to the unusual behavior observed in the transverse divid- 
ing species. 


HOLOMASTIGOTOIDES TUSITALA 
SPECIES NOVUM 


Since the organism whose chromosomes are given 
most consideration in this paper is new and possesses 
several hitherto undescribed and uniquely interesting 
features, considerable time, I feel, should be devoted 
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to it before taking up a detailed description of the life 
cycle of its chromosomes. If the extranuclear organ- 
elles of the cell are understood fully, then it will be easier 
to follow the description of the chromosomes. 

This is the largest of the transverse dividing species in 
It exists in forms with two and in 
All chromosomes have 


Prorhinotermes. 
forms with three chromosomes. 
terminal centromeres, and, of course, are rod-shaped. 
In the form with two, one is long and one is short; both 
have terminal nucleoli; and the long one has a lateral 
nucleolus, which is located about one-third of the dis- 
tance from the centromere toward the terminal nucleo- 
lus, considerably farther from the centromere than in the 
largest longitudinal dividing species, H. diversa. The 
chromosomes at late prophase and metaphase are longer 
and narrower—because they have more and smaller 
major coils—than those of H. diversa (compare figs. 40- 





TextT-F1G. 1. Holomastigotoides tusitala. 
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45 and 20d-25d). The forms with three chromosomes 
may be composed of two short ones and one long one or 
of two long ones and one short one (figs. 81,82). No 
transverse dividing forms have become permanent di- 
ploids. A few have been seen, but they are so scarce 
that they perhaps should be regarded as anomalies with 
a temporary existence and possibly produced by non- 
disjunction. Then, the two-chromosome form and each 
combination of the three-chromosome aneuploids occur 
in single and double chromatid types, making in all six 
types or races in this species. 

All the surface of the cell is covered with flagella (text- 
fig. 1,a) which are directed posteriorly through the cyto- 
Those arising from near the pos- 


plasm (text-fig. 1, d). 
The flagella 


terior end of the body extend beyond it. 
arise from five flagellar bands, each of which spirals the 


body 51. times (text-fig. 1, b, e). That is, each band 


2 


AS 





fl. bands 


d 


(a) Surface view of flagella, those at sides and posterior end being shown full length. 


(6) Flagellar bands, parabasal bodies along bands, long, thin axostyles extending anterio-posteriorly for most of body length. 


(c) Detail of parabasals, flagella-bearing and supporting portions of band. 
gellar bands, nucleus, centrioles following bands for 1} turns. 
f ) Detail of anterior end showing one turn of each band. 


around body. 


(d) Detail of flagella as they leave band. (e) Fla- 
Band 5 drawn heavy to show number of turns bands make 
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TEXT-FIG. 2. Holomastigotoides tusitala. 
has 544 gyres or turns of individual coiling. The first 
turn is smaller than the second and the second smaller 
than the third. The third, fourth, and fifth turns are 
about the same size (text-fig. 1, ¢). Observations on 
living cells show that these bands are quite rigid and 
hence are responsible for the characteristic bullet-shaped 
anterior end of the cell. They all arise from near the 
same point in the anterior end (text-fig. 1, f). 

Each band is composed of two portions: a fairly nar- 
row, more heavily staining, anterior portion from which 
the flagella arise, and which is termed the flagella-bearing 
portion ; and a lighter, broader, underneath and posterior 
portion, which is termed the supporting portion (text- 
fig. 1, b,c). In living material the flagella-bearing por- 
tion is denser and more conspicuous than the supporting 
portion. In fact, the supporting portion may be over- 
looked unless proper light filters are used. 

Slightly over and posterior to the supporting portion 
lie the parabasal bodies. They occur at very regular in- 
tervals along each flagellar band, beginning with the 
third turn or thereabouts and continuing almost to the 
posterior ends of the bands (text-fig. 1, >). They arise 
from a thread, the parabasal thread, which lies posterior 
to the flagella-bearing portion and which adheres to the 
upper surface of the supporting portion. Each body is 
connected to the parabasal thread by a stem or thread 
of its own (text-fig. 1, c). 

Fine, fibrillar axostyles arise from underneath the 
flagellar bands near the anterior end and extend, between 
the bands, posteriorly almost to the end of the body 
(text-fig. 1, b). 

Centrioles arise at the anterior end of the body and 
follow closely along the flagella-bearing portion of bands 
4 and 5 for 1% turns. Then they leave the bands and 
extend inwardly for a short distance to the anterior 
margin of the nucleus, where they produce the ever pres- 
ent achromatic figure, which is connected to the centro- 
meres of the chromosomes from one generation to 
another (text-fig. 1, ¢; text-fig. 2). Thus the chromo- 


HOLOMASTIGOTOIDES TUSITALA SPECIES NOVUM 


old band no. 4-~___ 
~--=---new band no. 5--__ — 


." ~------- old centriole 


~I 





Interrelationship of flagellar bands, centrioles, centromeres, and chromosomes. 


somes are always connected with the flagellar bands, a 
very necessary feature when one considers the unusual 
and interesting manner of cell division in this and re- 
lated species of Holomastigotoides. Soon after nuclear 
division is completed, flagellar band 5 becomes free of the 
other four bands in the anterior end and slowly begins 
to unwind (fig. 344). In order to unwind completely 
and thus free itself entirely of the other bands, this band 
must turn around or rotate the body of the cell 51 times 
(figs. 34-39). This band also must carry a nucleus 
with it ; otherwise the cell of which it eventually becomes 
a part would have no nucleus, unless, of course, the 
nucleus of its own accord migrated to the posterior end 
of the body at just the right time, a difficult undertaking. 
which, I think, would misfire most of the time. It is 
really impossible, of course, to be certain which does 
the migrating, the nucleus or the flagellar band, since 
the two always are connected by the centriole and achro- 
matic figure. I suppose the nucleus could do the mov- 
ing and the band would have to follow it; but, if this is 
true, why does the nucleus rotate so as to unwind the 
band? If a centriole for most of its length did not ad- 
here closely to this band, the connection between the 
band and nucleus could not be maintained, and most at- 
tempts at cell duplication would result in failure. The 
fibres of the achromatic figure must persist, otherwise 
the centriole could not maintain its connection with the 
centromeres of the chromosomes. But it is all these un- 
usual features and requirements of this organism that 
make it so valuable in studying chromosomes and struc- 
tures related to them. Not only do centromeres have to 
exist from one generation to another, but they have to 
function continuously. So do the centrioles and the 
achromatic figure which they produce. It is a very 
great help in tracing two chromosomes when only minor 
coils are present to have the short one anchored at one 
end to the achromatic figure and to have the other end 
labeled with a terminal nucleolus; and to have a long 








8 CLEVELAND: WHOLE LIFE CYCLE OF CHROMOSOMES 


one which possesses these same features plus a lateral 
nucleolus that clearly differentiates it. 

As soon as flagellar band 5 reaches the posterior end 
of the cell and becomes free of the other bands, it be- 
comes tightly wound again, more turns being put in now 
than existed before it left the other bands. This is soon 
followed by constriction of the c\ toplasm at the posterior 
margin of the four flagellar bands that have not moved at 
all (figs. 37, 79, 80). The constriction continues until 
the parent cell body is divided transversely, thus produc- 
ing two cells differing greatly in size: a small posterior 
and a large anterior 

It is interesting in 


daughter with one band (fig. 39) 
daughter with four bands (fig. 38). 
this connection to note that in transverse dividing species 
of Holomastigotoides with only two flagellar bands the 
anterior and posterior daughters are of equal size (fig. 
92). Usually the greater the number of flagellar bands, 
the smaller is the posterior daughter in proportion to the 
parent cell. 


HOLOMASTIGOTOIDES DIVERSA 
SPECIES NOVUM 

Since several nuclei of this organism are illustrated 
in this paper and since | am preparing a separate paper 
dealing largely with the pairing of its chromosomes, a 
name and brief description should be given it now. 

The number of flagellar bands is nearly always eight ; 
occasionally an organism with ten is encountered; 
whether this represents a variation in number or another 
species, | am unable to say. Owing to the larger num- 
ber of flagellar bands, the anterior end is slightly less 
pointed than that of H. tusitala, but the parabasals and 
axostvles of the two species are identical (fig. 40). 

There are forms with 2, 3, and 4+ chromosomes (figs. 
40-45: 84, 85). All chromosomes have terminal cen- 
tromeres and, of course, are rod-shaped. In the form 
with two, one is long and one short; both have terminal 
nucleoli, and the long one has a lateral nucleolus (fig. 
40). This nucleolus, however, is considerably nearer 
the centromere end of the chromosome than that of the 
long chromosome in H. tusitala, and the chromosomes at 
metaphase are shorter and broader—because they have 
fewer and larger major coils—than those of HH. tusitala 
(compare figs. 40-45 and 20d—25d). The form with 
four chromosomes is a diploid, and the forms with three 
chromosomes may be composed of two short ones and 
one long one, or two long ones and a short one. In 
other words, in this species there are haploid and diploid 
individuals and two types of aneuploid individuals. 
And if we look at the structure of the chromosomes, each 
type of individual is divisible into two types, those with 
single (figs. 40-45) and those with double chromatids 
(figs. 84, 85). This makes four types of aneuploids, 
two of haploids, and two of diploids. It is difficult to 
decide whether these eight types represent species or 
It is certainly more convenient to regard them as 
\ll evidence indi- 


races. 


races or varieties of a single species. 
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cates that each type leads an independent existence. 
Except for the diploids, which are larger cells, no differ- 
ences other than chromosomal number and chromosomal 
structure can be seen. 

The centrioles which follow flagellar bands + and 5 are 
shorter than those of H. tusitala and do not maintain 
connection with the nucleus throughout their life cycle. 
However, they are always present in an elongated condi- 
tion and produce a new achromatic figure in the late telo 
phase, although, unlike that of H/. tusitala, it does not 
function during either the prophase or the resting stage 
(figs. 40, 44, 45, 84. 85). Connection between achro- 
matic centromeres is not made until 
metaphase. 

Cytoplasmic division is always parallel with the long 


figure and 


axis of the body, that is, longitudinal ; it is never trans- 
verse, as is always true of H. tusitala. In fact, division 
must be longitudinal since both sets of flagellar bands ro- 
tate in the unwinding process, just as it must be trans- 
verse in 1. tusitala where only one band rotates. Dur- 
ing cytoplasmic division flagellar bands 1, 2, 3, and 4 
rotate in one direction and bands 5, 6, 7, and 8 in another 
direction (fig. 90). This flattens the anterior end of 
the cell and brings the achromatic figure near the nucleus 
so that its astral rays may join the centromeres and thus 
become chromosomal fibres. The nucleus must divide 
before unwinding of the two sets of bands can progress 
very far. Since the central spindle connects the two sets 
of bands (14 and 5-8), it sometimes serves as a check, 
by absorbing some of the tension exerted by the two sets 
of bands rotating in opposite directions, and prevents the 
opposite movement of the bands from pulling the nu- 
cleus in two prematurely. On the other hand, if the un- 
winding of the bands is progressing more slowly than 
usual and thus tends to prevent separation of the two 
sets of daughter chromosomes, the central spindle has 
sufficient rigidity to push the bands far enough apart to 
permit nuclear division to occur at the proper time. 


CENTRIOLES AND ACHROMATIC FIGURE 


There are so many new, interesting and unusual 
features in the behavior of the centrioles and the achro- 
matic figure, particularly in transverse dividing species 
of Holomastigotoides, that a brief, separate description 
of these organelles is essential for a clear understanding 
of all phases in the life cycle of chromosomes. 

In the late telophase of H/. tusitala, after cytoplasmic 
division, the centrioles, which are entirely free of centro- 
somic * material, follow flagellar bands + and 5 for 144 
turns (text-fig. 2). The two chromosomes, long one 
(dark) and short one (light), are anchored to the old 
centriole by means of the remaining portion of the achro- 
matic figure (the chromosomal fibres which extend from 
centriole to the centromeres). A new flagellar band 
(no. 5) has grown out. A new centriole has also grown 


‘In one species of Holomastigotoides in Psammotermes the 
distal ends of the centrioles are surrounded by centrosomes. 
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rext-F1G. 3. Holomastigotoides tusitala. 
has grown out to point where line is broken. 
of new achromatic figure. (c) Central spindle formed. 
new centriole. 


rigid. (i—j) Centromeres duplicated and one from each group moves. 


out and leaves band 5 after having followed it for 1% 
turns. This centriole, like the old one, is free after hav- 
ing followed its band and spiraled the body of the cell 
for 144 gyres, but the new centriole is still not quite as 
long as the old one (broken line, text-fig. 3, a, indicates 
how much it has to increase in length to be as long as the 
old one, and the course it will take in doing so). When 
the new centriole has become as long as the old one, or 
nearly so, both centrioles begin to produce, from their 
free distal ends, astral rays which are very short and 
which soon begin to meet, grow along one another and 
thus form the central spindle portion of the achromatic 
figure (text-fig. 3, b,c). 
an astral ray from the new centriole becomes connected 
with the centromere of one of the chromosomes and thus 
It moves the chromo- 
some to the centriole or pole (text-fig. 3, d, ¢; text-fig. 4, 
d, c). Either the long (dark) or the short (light) 
chromosome may be moved to the new centriole, but 
never both; one always stays with the old centriole (text- 
fig.4,d,e¢). This, so far as I know, is the first descrip- 
tion of the movement of a telophase chromosome, and the 
first example of the movement of a chromosome (not 


3y this time, or thereabouts, 


becomes a chromosomal fibre. 


chromatid) when only two chromosomes are present. 
It is really an example of the movement, by the achro- 
matic figure, of a single chromosome. 

Later, in the very early prophase, as soon as duplica- 
tion of the chromosomes has occurred and long before 
the unwinding of the chromatids has made much prog- 
ress, astral rays connect with the centromere of each 
chromatid (text-fig. 4, 7). 
(losing of relational coiling) has taken place to permit 
movement of the ends, two chromatids go to each pole 


When enough unwinding 





(a) Both centromeres attached to centriole that follows old band 4. 
(6) Astral rays from old and new centrioles about to join to form central spindle 
(d) Lower right centromere has shifted its connection from old to 
(d-h) Centrioles move to parallel positions as achromatic figure develops and central spindle becomes more 





New centriole 


(k-m) Growth and function of achromatic figure. 


(centriole). One chromatid is connected to each corner 
of the achromatic figure which, at this stage in its devel- 
opment, is almost a square (text-fig. 4,7). These chro- 
matids for their entire length, except a small portion at 
their centromere ends, are in the prophase; these small 
portions are actually in the telophase. This unusual sit- 
uation has nothing to do with the chromosomes; it 
merely arises because the achromatic figure is always 
present and always lies near enough to the centromeres 
to connect with them when duplication occurs. <A close 
examination of the situation shows that only two of the 
four centromeres actually move, one of a short (light) 
chromatid and one of a long (dark) chromatid; the 
others remain where the chromosomal centromeres were 
before duplication occurred (text-fig. 4, 1, i, /). 

In the closely related species, H. diversa, the two 
chromosomes lose their connection with the achromatic 
figure in the telophase shortly after nuclear division and 
do not regain it until metaphase. An achromatic figure 
is present, just as in H. tusitala, but it does not move the 
chromosomes because it lies too far away (figs. 40, 44, 
45, 84, 85; text-fig. 5). We may conclude from these 
two types of behavior, which occur again and again in 
these and related species of Holomastigotoides, that 
chromosomes or chromatids may be moved at any stage 
in their life cycle when an achromatic figure lies near 
enough to them for its astral rays to make connection 
with their centromeres. 

Returning to an account of the development of the 
achromatic figure, we note that as the astral rays, which 
have joined to form the early central spindle (text-fig. 
3, c, d), increase in length, the central spindle gradually 
becomes broader and the distal ends of the centrioles 
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Text-F1G. 4. Holomastigotoides tusitala. (b-h) 


diagrammatic life cycle of centrioles, centromeres, chromosomes, and achromatic figure. 
(d) One chromosome has shifted its connection from old to new centriole. 


forming achromatic figure. 


of centrioles and achromatic figure. (g-h) Beginning of chromosomal twisting. 
many gyres of close-together relational coiling of chromatids. 
(7) Later stage in chromatids losing their relational coiling by unwinding. 


remains stationary. 


tically gone, achromatic figure elongating and separating sister chromatids. 


non-sister groups. (m) Central spindle pulled apart. 


move farther apart until finally they extend posteriorly 
in the same direction, usually in the same plane (text- 
fig. 3, e-j; text-fig. 4, e-7). Shortly beyond this point, 
development (growth) of the achromatic figure stops 
and it enters the resting stage which lasts from mid-telo- 
phase to very late prophase. When the contraction of 
the matrix of the chromatids stops in the late prophase, 
the chromatids enter the resting stage, which may last 
for days or even weeks (fig. 22); text-fig. 4, slightly 
earlier thank). Most of the organisms in a preparation 
are in this stage. The resting period, which is longer 
for the achromatic figure than for the chromatids, ends 
with the beginning of a second period of growth in the 


lelophase; (7-7) prophase; (k) metaphase; (/) anaphase; (m) telophase. 


Brief 


(b, c) New and old centrioles 
(e-g) Flattening out 
(7) Chromosomes duplicated, producing 
Centromeres duplicated; one in each group moves; other 
(k) Relational coiling prac- 
(1) Central spindle bent, chromatids in two 


achromatic figure and the formation of individual mem- 
branes around each chromatid. The central spindle in- 
creases in length and thus moves the chromatids farther 
apart, the short and the long pair each losing the last 
vestige of their relational coiling (text-fig. 4, k, /). 
Frequently the central spindle increases in length faster 
than flagellar band 5 moves away from 4 and thus is 
forced to bend (text-fig. 4, /; figs. 27d, 28d). Finally it 
pulls apart (text-fig. 4, m; fig. 31d), the fifth flagellar 
band becomes free (fig. 31d), the nucleus divides (fig. 
32d), and the smaller of the daughter nuclei, together 
with the centriole and the retnains of the achromatic fig- 
ure, go with flagellar band 5 as it unwinds (figs. 33d, 
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35, 76d), becomes free in the posterior end of the cell 
(figs. 36, 37, 79, 80), which divides into posterior (fig. 
39) and anterior (fig. 38) daughters, and as soon as the 
anterior daughter develops a new flagellar band and cen- 
triole the cycle of centrioles and that of achromatic figure 
are completed. 

In the drawings of H. tusitala no free astral rays have 
been drawn, first in order to avoid confusion, and sec- 
ondly when the cell is stained heavily enough to see them 
plainly the chromosomes are stained too heavily for their 

In H. diversa, however, the free 
astral rays are plain when chromosomes are suitably 
stained for details (figs. 44, 45, 84, 85). 


details to be clear. 


RELATION OF CHROMOSOMES TO 
NUCLEOLI 


In the single chromatid varieties of Holomastigotoides 
tusitala and H. diversa, each short chromosome has a 
terminal nucleolus and each long one has a lateral and a 


terminal nucleolus. These nucleoli always arise from 


precisely the same place on the chromosomes and are - 


connected with the chromonema of a chromosome by a 
fine strand or stem (figs. 2e-4+e). They lose connection 
with the chromatids in the metaphase or early anaphase 
(figs. 25d, 27d), and usually reappear in the fairly early 
telophase (fig. la). Actually, from the standpoint of 
the whole life cycle of the chromosome, they are present 
most of the time (figs. 1d-24d). They are present 
throughout the stages when the chromonema is losing its 
major coils (figs. 4d—9d), when only minor coils are 
present (figs. 10e—15¢), and when the chromonema is 
forming (new) majors (figs. 16d-20d). They are a 
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great help in distinguishing one chromosome or one 
chromatid from another when only minor coils are 
present. 

Fusion of these nucleoli is a frequent occurrence. 
Any one may fuse with another, and sometimes, espe- 
cially in the telophase when major coils have disappeared 
or nearly so, all of them fuse to form a single nucleolus 
(figs. 8e, 10e, lle). Although they arise from the 
chromosomes, they are entirely lacking in chromosomal 
homology as shown by the manner in which they fuse 
(this subject will be considered in a later paper). They 
do not form on the terminal end of a chromosome merely 
because it is terminal. Studies on aberrations, which I 
shall publish soon, show clearly that free ends do not 
have the ability to form nucleoli. Sometimes discarded 
nucleoli remain within the individual chromosomal 
membrane until new ones are forming and may give the 
impression that they return to their original positions on 
the chromosomes or chromatids (fig. 58d). 


RELATION OF CHROMOSOMES TO 
NUCLEAR MEMBRANE 


The centromeres are always anchored to the nuclear 
membrane or a portion of it. In Holomastigotoides, 
Spirotrichonympha, and a few other genera of hyper- 
mastigotes, the nuclear membrane does not remain in- 
tact, as in most protozoa, during nuclear division, nor 
does it disappear entirely as it is supposed to do in most 
higher forms. Instead, it does something about half- 
way between these extremes. In the late prophase of 
H. tusitala, each chromatid is clearly cut off and de- 
marked from the rest of the nucleus and from the other 





TEXT-FIG. 5. 
anterior to the nuclei. 


The four types or varieties of Holomastigotoides diversa. 


All are prophases with achromatic figures some distance 
(a) 2-chromosome form, 4 single chromatids, 4 centromeres. 


The only coiling shown is relational. 
(6) 4-chromosome form, 8 single chromatids, 8 centromeres. 
(d) 4-chromosome form, 8 double chromatids, 8 centromeres. 


(c) 2-chromosome form, 4 double chromatids, 4 centromeres. 


XUM 
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chromatids by its own membrane (figs. 2le, 69d). 
Eventually, all the material except that which surrounds 
each chromatid will be discarded, but in H. tusitala the 
process is very much slower than in H. diversa or in 
Spirotrichonympha. 


portion of the old nuclear membrane and its contents is 


The process of discarding a large 
5 


not completed until some time after nuclear division and 
in the nucleus of what is to be the posterior daughter 
cell it occurs slightly earlier than in that of the develop- 
ing anterior daughter (figs. 32e, 33¢, 77d). Soon after 
the old nuclear membrane and its contents have been dis- 
carded in the cytoplasm, the two new membranes which 
surround each chromatid fuse to form a common nuclear 
membrane (figs. 33e, 79d.) This accounts for the long, 
narrow nuclear membrane which surrounds the two telo- 


As the 


major coils relax and thus make the chromonemata ap- 


phase chromosomes after cell division (fig. le). 


pear longer, the nuclear membrane becomes longer (fig. 
2c). Then, as the chromonemata bend, the nuclear 
membrane widens and becomes shorter until the major 
coils have disappeared (figs. 3e-10e). From this point 
on, through duplication of the chromosomes, unwinding 
of chromatids (loss of relational coiling) in prophase, to 
late prophase the nuclear membrane changes little in 
shape or size ( figs. 11le—20¢e ). 

In the double chromatid variety of H. tusitala, a new 
membrane develops around each chromatid rather than 
each half chromatid (figs. 69d—71d). In H. diversa and 
many speceis of Spirotrichonympha where I have studied 
the formation of a new and the disappearance of an old 
nuclear membrane in detail, the process begins at early 
metaphase and is completed by late metaphase or early 
anaphase. In fact, it is so rapid sometimes that a chro- 
matid becomes free in the cytoplasm before its centro- 
mere has made connection with an astral ray. And the 
amount of nuclear material discarded in the cytoplasm, 
where it may be observed for several hours, is greater 
than in H. tusitala. Likewise, the membranes 
formed around each chromatid are smaller than in H. 


new 


tusitala. 
of chromatids and of chromosomes. 


This process ts directly concerned with pairing 
It sometimes plays 
a decisive role in the type of the pairing that occurs, and 
this, in turn, with the type of crossing over that results. 
[ plan in a later paper to deal with this situation, to- 
gether with the possibility that no nuclear membrane 
may ever disappear completely. 


SINGLE CHROMATIDS 


The most common type of chromosome in hypermas- 
tigote flagellates has a single chromonema in the telo- 
phase after cytoplasmic division. There is a second and 
less common type which, at the same stage in its life 
cycle, has two relationally coiled chromonemata. To 
avoid misunderstanding, the two types, for the most part, 
are treated separately. 

[In order really to understand chromosomes and their 
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coiling systems clearly and completely, one must study 
their entire life cy cles. 

Previous accounts of mitosis begin with prophase 
chromosomes which are followed through metaphase, 
anaphase, and part way into the telophase. Here they 
stop. This account begins in the telophase near the 
point where others stop, follows the chromosomes from 
this point through prophase, metaphase, anaphase, and 
back to where it began. It shows how the matrix col- 
lapses and the chromonemata of the chromosomes lose 
their major coils (and supers too when present), dupli- 
cation of chromosomes, origin and loss of relational coil- 
ing of chromatids, formation of “new” major and super 
coils in chromatids, movement of chromatids to the 
poles, the formation of daughter nuclei, the production 
of daughter cells, and the existence of the minor coils 
through all these events. 

A chromosome is made up of two very different and 
equally important constituents, matrix and chromonema. 
Heavy, intense staining, of any type. usually shows only 
the sausage-shaped matrix, the old—and very easy— 
way of seeing and illustrating chromosomes. The chro- 
monema, which is embedded in—not merely surrounded 
by—the matrix, is not revealed by such technique. Nor 
is it possible with ordinary microscopic facilities, except 
in unusually favorable material, to differentiate clearly 
between matrix and chromonema in the nuclei of living 
cells. However, with proper fixation and staining tech- 
nique (see page 2), not only is it possible to see clearly 
super and major coils of the chromonema, but minors 
are also quite plain in some types of chromosomes and 
chromatids, and it may also be seen with equal clarity 
that each major coil is composed of—has incorporated 
in it—two or more minors, and that each super has two 
or more majors incorporated in it. More important 
still, good phase contrast equipment not only enables one 
to see all these things in living chromosomes, and thus 
check on whatever false impressions fixation and stain- 
ing may have produced, but, in addition, reveals some 
features, particularly centromeres, minor coils and the 
demarkation between chromonema and matrix, more 
plainly than fixed and stained preparations. 

The matrix disappears—breaks down—in the telo- 
phase and reappears in the very early prophase of each 
chromosome generation. It may be broken down with 
weak solutions of ammonia any time and the major and 
super coils, which were formed by its contraction, freed, 
just as happens naturally in the late telophase. After 
duplication of chromosomes, the chromonema of each 


As the 


matrix contracts, the ever present minor coils are in- 


chromatid becomes embedded in a new matrix. 


corporated in a new generation of major coils and at the 
same time the relational coiling of the chromatids is 
taken out by the rotation (unwinding) of each 
chromatid. 

It is necessary to distinguish clearly between twisting 


and coiling. Minor coiling is an expression of the 
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TEXT-FIG. 6. 


Relation of matrix to chromonema. 
chromatid, telophase chromosomes after cytoplasmic division. 


Holomastigotoides tusitala. (a) Two single- 
Very early stage in the 


collapse of the matrix, bringing about a relaxation of the major coils and an apparent lengthen- 


ing of the chromosomes. 


(6) Late telophase. 


Varying degrees in collapsing of the matrix. 


It is completely collapsed in small area in centre and major coils have come out, leaving 


only minors; in other areas of each chromosome, remnants of major coils remain. 
Matrix has collapsed completely, its substance is scattered throughout the 
All major coils are gone; only minors left. 


late telophase. 
nucleus where it is disintegrating. 


molecular structure of the chromonema and never dis- 
appears; the other types of coils and twisting disappear 
and reappear during each generation of chromosomes. 
The next point necessary to an understanding of the 
coiling systems of chromosomes is a clear conception of 
the difference between relational coiling and individual 
coiling. In relational coiling, one chromatid is coiled 
about another while at the same time each chromatid 
has its own individual, minor, major or super coils, de- 
pending on the type of organism and the stage in the life 


cycle of the chromatid. Individual coiling may occur 


(c) Very 


either with or without relational coiling, but relational 
coiling never occurs without individual coiling. In 
single chromatids, there is no relational coiling from 
metaphase to very late telophase (figs. 25d-39 and 1- 
10e), while in double chromatids there is always one 
generation (figs. 58b-61b) of relational coiling, and in 
part of the life cycle there are two generations (figs. 
62c-70d ). 

Twisting of chromosomes, which so often has been 
mistaken for either relational or individual coiling or for 
both, may, like coiling, be of two types, relational and 
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individual. It is no wonder coiling and twisting have 
been confused; the only way, in fact, to separate them 
was to work out the whole life cycle of each. In the 
telophase as the matrix begins to collapse (text-fig. 6, >) 
ind thus free the gyres of major coils, individual bending 
and twisting begins in each chromosome (figs. 3a, 3d, 4a, 
4d). As more major coils come out, the free ends of 
the chromonemata sometimes rotate and thus put in rela- 
tional twisting between the long (dark) and_ short 
(light) chromosomes (figs. 5a, 5d; 6a, 6d). Usually 
not more than one or two gyres of chromosomal twist- 
ing are put in, and sometimes only individual twisting 
The relational 
twisting when present is between non-homologous chro- 
mosomes, while relational coiling is always between ho- 
mologous chromatids or half chromatids. It does not 
begin to come out until sometime after duplication has 
occurred and considerable unwinding (loss of relational 
coiling) in the chromatids has taken place (figs. 19a, 
20a). The individual twisting of chromosomes does 
not all come out until still later (fig. 21a). 

In order to follow each type of coiling and twisting 
through its entire cycle, it has been necessary in H. tusi- 
tala to draw most nuclei twice and some of them three, 
four, and five times. In labeling the drawings, each 
nucleus, no matter how many times it is drawn, is given 
the same number, but each drawing of it is given a differ- 
ent letter, and each letter, throughout the plates, refers 
For example, 


occurs (compare figs. 15a and 16a). 


to the same type of coiling. 
a—twisting of chromosome (individual, relational or 
both ) 

b—relational coiling of chromatids 

c—relational coiling of half chromatids 

d—major coils (individual—of chromosomes, chro- 

matids, half chromatids ) 

e—minor coils (individual—of chromosomes, chroma- 

tids, half chromatids). 

Super coils when present are labeled. Those numbers 
without letters refer to drawings of a cell, portions of a 
cell, and to those nuclei where two or more types of coils 
are shown in the same nucleus; in some chromosomes 
or chromatids only minors are drawn; in others majors, 
supers, and relational coiling are drawn (figs. 46- 
57, 86). 

In following each type of coiling through its life cvcle, 
one soon discovers that the coiling systems are so inter- 
related that it is impossible to follow or explain one with- 
out some discussion of the others at the same time. 
From late prophase, through metaphase, anaphase, and 
until what might be appropriately termed mid-telophase, 
minors are incorporated in fairly tight major coils, from 
6 to 8 gyres of them in each gyre of majors (figs. 22¢— 
33e, and le-te). From mid- to late telophase they are 
in very loose majors (figs. 5e-9e), and, after the majors 
have disappeared completely, they are free (fig. 10¢). 
After complete disappearance of the matrix, which pro- 
duced the majors and held them in place until it began to 
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collapse, the tension on the minors is released, but this 
does not affect them greatly (text-fig. 6, c; fig. 10c). 
They are slightly looser—gyres are somewhat farther 
apart—than after duplication of the chromosome when 
each chromatid is developing new majors (fig. 16c). 
Soon after cytoplasmic division, the major coils be- 
come looser and more relaxed (compare figs. 33d and 
Id). As relaxation chromonema_ be- 
comes apparently longer (fig. 2d) and soon begins to 
bend (fig. 3d). By this time, it is clearly eviderit that 
the matrix is collapsing and that its substance is diffusing 
through the nucleus (text-fig. 6, >). 
the matrix continues, the majors become more and more 
irregular, some of them flatten out, with only a vestige 
remaining (figs. 4d—6d). This is followed by a complete 


continues, the 


As collapsing of 


disappearance of half or more of them, with a few here 
and there maintaining a semblance of their former ap- 
pearance (figs. 7d, 8d). Finally, only a remnant of the 
major coils remains, and this in a portion of a chromo- 
some where the collapsing of the matrix is not complete 
(fig. 9d). This is followed by the complete disappear- 
ance of the major coils— not the slightest remnant or 
relic of them being left anywhere along either chromo- 
Only minor coils (fig. 10e) and chromosomal 
The matrix material 


some. 
twistiig now remain (fig. 10a). 
in which each chromosome was once embedded has col- 
lapsed completely and is now scattered over the entire 
nucleus (text-fig. 6,c). This material, which presently 
begins to distintegrate, is probably thrown into the cyto- 
plasm, along with other substances, when the nuclear 
membrane is discarded and a new one organized (figs. 
22¢-33¢ ). 

Most cells in higher animals and plants and many in 
protozoa, too, stop at this stage, and there is little activ- 
ity in the chromonema for varying periods of time, de- 
pending on the kind of cell, environment, and other 
This is known as the resting stage or interphase 
But Holomastigotoides does not stop here. 


things. 
in such cells. 
Each chromosome soon produces two chromatids, each 
of which has the same number of minor coils as the par- 
ent chromosome which produced it, and one chromatid 
is tightly coiled (relational coiling) about the other (fig. 
lle). Soon after duplication has occurred, each chro- 
matid develops a new matrix in which it is embedded. 
As this matrix material contracts, the chromatids rotate 
(unwind) and thus gradually lose their relational coiling 
(figs. 12e—2le), their apparent length becoming less as 
contraction progresses. By the time contraction is half 
completed or a little more and most of the gyres or rela- 
tional coiling have been lost, the minor coils have become 
so tight that they are forced to bend in places (fig. 16¢), 
and thus the new generation of major coils first makes 
its appearance (fig. 16d). So-called “relic 
which very definitely do not exist at all—are a result of 
bridging over the interval between disappearance and re- 
appearance of majors with chromosomal twisting. 


coils’ — 
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As contraction of the matrix progresses and more and 
more relational coiling is lost, the chromatids appear 
shorter and their major coils become more regular and 
hence plainer (figs. 17d-20d). It should be noted that 
the minors, which were as tight as it is possible for them 
to be when they began to bend and become incorporated 
in the majors, do not change in appearance at all as the 
majors become more regular (figs. 16¢e—20e). Nothing 
can be plainer and more certain than the fact that minors 
do not increase in size to become majors, but instead the 
chromonema, of which they are a part, merely bends and 
thus gradually, owing to continued contraction of the 
matrix, builds up plainer and plainer majors, in which 
the minors, without any change whatever, are in- 
corporated. 

When most of the relational coiling has been lost and 
the major coils are as tight—close together—as they will 
ever be, development, so far as the chromosomes of H. 
tusitala and H. diversa are concerned, stops and the rest- 
ing stage, which may last for days or even weeks, begins. 
This is the late prophase and the achromatic figure, 
which has not increased in size since late telophase, rests 
as long as the chromosomes do. When the achromatic 
figure begins to grow again, the two groups of chroma- 
tids, with no change in their major coils, are carried to 
the poles. In fact, there is little, if any, change in these 
coils during metaphase, anaphase, and early telophase. 
They do not begin to change until mid-telophase, the 
point where the discussion of them began. 

Not all species of Holomastigotoides behave like H. 
tusitala and H. diversa; that is, stop and enter the resting 
stage when major coils become close together. The 
matrix of many species in the genus continues to con- 
tract after the major coils have become as tight as it is 
possible for them to be, the chromonema is thus forced to 
bend, and as contraction continues, a new generation of 
super coils is slowly built up, in which major coils are 
incorporated in the same manner as minors were incor- 
porated in the majors at an earlier stage (figs. 48, 51). 
These super coils remain until fairly late telophase (fig. 
50), and when the matrix begins to collapse they dis- 
appear slightly earlier than the majors. Then, since 
they come in later and disappear earlier than the majors, 
they are present for a shorter period in the life cycle of 
a chromosome or a chromatid than any other type of coil. 

I think it should be stated at this point that when 
double chromatids put in super coils (fig. 86), the two 
relationally coiled half chromatids, which have individual 
minors and majors, do not put in individual supers, but 
instead they put in a common super coiling system. 
This is interesting because the very same thing occurs in 
the chromatids of a chromosome at meiosis I, but does 
not occur in the same chromosome at mitosis. Super 
coils at meiosis and not at mitosis accounts for the ap- 
parent difference in length of meiotic and mitotic chro- 
Even if meiosis I chromatids had individual 
centromeres and no relational coiling, they could not go 


mosomes. 


SINGLE CHROMATIDS 15 


to opposite poles because their common super coiling 
system would prevent separation until the matrix col- 
lapsed, which is in the late telophase, too late for pole- 
ward movement. 

Relational coiling has been mentioned several times 
already ; now all that remains is a consideration of the 
manner in which it is produced, when in the life cycle of 
a chromatid it appears, how long it lasts, and the forces 
which resolve it. 

Nothing can be plainer, if one takes the time to study 
and consider carefully the coiling systems of chromo- 
somes and chromatids, than the fact that there would be 
no relational coiling of chromatids if the chromosome 
which produces the chromatids did not itself have minor 
coils at the time of duplication (see page 3). The 
chromosome produces two chromatids, each of which 
has a minor coiling system exactly like itself. This is 
the manner in which relational coiling of chromatids is 
produced and, just as in any two objects coiled about 
each other, the only way to separate the chromatids is to 
rotate either one or both of them. If rotation of the 
chromatids is brought about by movement of their ends 
without torsion, the unwinding would always have to be- 
gin at the ends and proceed along the chromatids. On 
the other hand, if the contracting matrix produces tor- 
sion in the chromonema of each chromatid, then unwind- 
ing may begin anywhere, or in several places, along the 
chromatids. A careful study of chromosomes at the 
time of duplication and shortly thereafter shows clearly 
that torsion is responsible for the unwinding of relation- 
ally coiled chromatids (see fig. lle where unwinding at 
s, a long way from either end, has occurred; figs. 15)- 
17b where about the same degree of unwinding has oc- 
curred all along the chromatids, a situation which would 
be impossible if unwinding began at one end and prog- 
ressed toward the other). Proof that the distal ends 
of the chromatids rotate can be seen when fusion of the 
terminal nucleoli sometimes retard it. The best ex- 
amples of this occur in double chromatids, which will be 
described in the next section (figs. 87, 88D). 

There are only two places in the life cycle of chromo- 
somes and chromatids when rotation occurs. The first 
is in the late telophase when major coils are coming out 
due to collapsing of the matrix. The chromosomes ro- 
tate and thus produce individual twisting and sometimes 
a small amount of relational twisting (figs. 3a—2la). 
But this relational twisting is of chromosomes (not 
chromatids) and there are never more than two or three 
gyres of it, while in the early prophase there are over 300 
gyres of relational coiling in the long chromatids (11e, 
12>). It is thus impossible, after careful consideration, 
to confuse twisting and relational coiling in Holomas- 
tigotoides. The second place where rotation occurs, and 
this time it is of chromatids, is in the early prophase 
where, as already explained, it very plainly serves to take 
out the relational coiling—not to put it in. Then, since 
neither of these rotations—and there are no more—puts 
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in relational coiling, it must be accounted for on some 
other basis—and only one is left—duplication of a chro- 
mosome when individual minor coils are in. 

Details of all the procedures of duplication, of course, 
are unknown. Perhaps it is sufficient at present to say 
that a chromosome, like a cell in preparation for division, 
gradually builds up in duplicate all those substances 
necessary for continued independent existence and that 
these substances are slowly segregated into two groups, 
each of which, physically and chemically, is an exact rep- 
lica of the chromosome. Duplication, even though we 
know next to nothing of the processes involved, is at 
least more accurate from the standpoint of terminology, 
if for no other reason, than splitting; for, if a chromo- 
some were really to split, as the term implies, two half 
chromosomes would be produced, not two daughter 
chromosomes. 


DOUBLE CHROMATIDS 


The time and manner of disappearance and reappear- 
ance of major and super coils is the same irrespective of 
whether a chromatid is single or double. The main dif- 
ference in the two types of chromatids is in the time 
centromeres are duplicated and in the relational coiling ; 
double chromatids always have relational coiling ; before 
one generation disappears (by unwinding), another is 
produced ; so that for part of the life cycle there are two 
generations. And major coils are smaller in double 
than in single chromatids (compare figs. ld and 58d ; 44 
and 84; 45 and 85; 49 and 86). 

[ have been unable to think of an appropriate term for 
each member of a double chromatid and, since the mem- 
bers must be referred to individually many times, a name 
is necessary. Until such time as someone proposes a 
desirable name, I am referring to them as half chroma- 
tids, although I realize that each half chromatid, except 
for lack of its own centromere, is identical with a 
chromatid. Actually, these so-called half chromatids 
are structurally chromosomes, and we should develop 
a terminology that would permit us to call them chro- 
mosomes. After cell division they will be called chro- 
matids, and in the next generation, after cell division, 
they will be chromosomes. 

Each half chromatid has a terminal nucleolus, and the 
long ones in addition have lateral nucleoli. Frequently 
the terminal nucleoli of chromatids are fused (figs. 58), 
59b, 65b) and those of the half chromatids are nearly al- 
ways fused. The period when this nucleolus cannot be 
seen is very brief. It can be seen in some cells in all 
stages, while in others it cannot be seen from late pro- 
phase to mid-telophase. The fact that, even when these 
nucleoli cannot be seen, the distal ends of the half chro- 
matids are nearly always joined suggests their presence 
(figs. 70d-80d). New ones are probably formed imme- 
diately after the old ones lose connection with the half 
chromatids and fusion follows so quickly that it is rare 
to see free ends of half chromatids either with or without 
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nucleoli (figs. 72d, 73d). Either the time when old 
nucleoli disappear and new ones are formed varies con- 
siderably or else the old ones sometimes persist for a 
fairly long time after losing connection with the half 
chromatids (fig. 80d). 

Each of the two telophase chromosomes (fig. 58) of 
H. tusitala, after cell division, is composed of two rela- 
tionally coiled chromatids (fig. 585), each of which has 
individual major (fig. 58d) and minor (58¢e) coils. 
These chromatids, if not relationally coiled, might be 
mistaken for individual arms of two-armed chromo- 
somes. Some individuals to whom I have shown them 
have suggested this possibility, even in spite of the rela- 
tional coiling. But, if one follows their subsequent de- 
velopment, it is perfectly clear that they are chromatids 
and not chromosomal arms. 

The individual membranes around each telophase 
chromosome fuse completely ; the chromosomes become 
apparently longer and begin to twist (fig. 59a). At the 
same time the relational chromatid coiling (fig. 590) 
and the major coils (59d) become looser. As collapsing 
of the matrix continues, the chromosomes twist more 
(fig. 60c) and the majors become much looser (fig. 
60d). By this time the relational coiling of the chroma- 
tids has become quite loose, but none of it has come out. 
This occurs only when the matrix contracts. 

Meanwhile the new flagellar band and centriole grow 
out and the centrioles form a new achromatic figure. 
Before the achromatic figure was formed, the two 
double-chromatid chromosomes were anchored to the old 
centriole by the chromosomal fibres of the old achromatic 
figure; one chromosome being anchored to the upper 
and one to the lower portion (figs. 58b, 59b). Now, 
when the new achromatic figure is formed, instead of 
one chromosome remaining anchored to the old centri- 
ole and one moving over and becoming anchored to the 
new one, as occurs in the same stage in the life cycle of 
single-chromatid chromosomes (text-fig. 4, b-f, fig. la). 
one chromatid moves to the upper and one to the lower 
portion of the new centriole, so that there are four cen- 
tromeres anchored to the achromatic figure, one being 
anchored to each of the four corners (fig. 60D). At this 
same stage in the life cycle of single-chromatid chromo- 
somes, only two centromeres are anchored to the achro- 
matic figure (figs. 4d-6d). They are not anchored to 
opposite sides; that of the long (dark) chromosome is 
anchored to the lower right (figs. 4d, 6d). They may 
be anchored in the opposite manner, namely that of the 
long one upper right corner and that of the short one 
lower left (fig. 5d). As already explained, the manner 
in which they are anchored to the new achromatic fig- 
ure depends on how they were anchored to the old 
achromatic figure and which chromosome moved when 
the new figure was formed. 

This very striking difference in the behavior of the 
centromeres of single- and double-chromatid chromo- 
further consideration. In the single 
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chromatid variety, the centromeres separate immediately 
after duplication occurs, even though over 300 gvres of 
very tight relational coiling are present (fig. lle). One 
centromere of each chromatid remains anchored to the 
same centriole that the chromosomal centromere was 
anchored to prior to duplication ; the other moves (com- 
pare figs. 10¢ and Ile). 

Now, when the chromatids of double-chromatid chro- 
mosomes are duplicated, the half chromatids do not get 
individual centromeres (fig. 62c). At least if they do, 
the two centromeres do not separate, for sister half chro- 
matids certainly appear to have a common centromere. 
Failure of these centromeres to separate cannot be due to 
the presence of relational coiling, since they do not sep- 
arate in later prophase when only a few gyres are left 
(figs. 67c, 68c). In fact, so far as one can see, the 
sister half chromatids have a common centromere 
through metaphase, anaphase, and until very late telo- 
phase (fig. 60b). However, if duplication of the centro- 
meres occurs after the two poles of the achromatic figure 
have moved a considerable distance apart (figs. 73c and 
later), or after they are disconnected, failure of the cen- 
tromeres to go to the poles cannot be used as evidence 
that duplication has not occurred, because one pole, or 
two disconnected poles, will not move centromeres and 
their chromatids. This statement is based on observa- 
tions of a large number of really true unipolar achro- 
matic figures, in which no poleward movement whatever 
of centromeres or chromatids occurs. Astral rays from 
a single pole may touch centromeres, but contact is never 
established. 

However, it is evident from observations on the single 
chromatid variety of H. diversa where the astral rays of 
the achromatic figure are not near enough to the nucleus 
to make contact with the centromeres until metaphase, 
that centromeres can and do move apart as soon as dupli- 
cation of the chromosomes occurs, long before the achro- 
matic figure is near the nucleus (fig. 45). This is true 
in both haploids and diploids (figs. 44,45). But in the 
very same stage in the life cycle of double-chromatid 
chromosomes, the sister half chromatids have common 
centromeres. This is true both in haploids (fig. 84+) and 
in diploids (fig. 85). And in later stages when the 
achromatic figure has made contact with the nucleus and 
the nuclear membrane is disappearing, these sister half 
chromatids still have common centromeres. In fact, 
they keep them through anaphase and until late telo- 
phase, just as in the double chromatid variety of H. 
tusitala 

Now, since it is perfectly clear that the centromeres of 
chromatids can, and in fact do, separate whether an 
achromatic figure is present or not, we must conclude 
that failure of the centromeres of half chromatids to sep- 
arate means they have not been duplicated. Chromatid 
duplication produces half chromatids in the very early 
prophase, but centromere duplication in half chromatids 
does not occur until late telophase. 
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The behavior of the centromeres of single-chromatid 
chromosomes, as described here, is the same as in mitosis 
—haploid or diploid, protozoon, higher animals or plants 
and the behavior of the centromeres of double-chroma- 
tid chromosomes is the same as in meiosis. Except in a 
few primitive types of meiosis, which I am describing in 
later papers, each metaphase [I chromosome is composed 
of two relationally coiled sister chromatids with a com- 
mon centromere (in some species, each chromatid is 
composed of two relationally coiled half chromatids, but 
this does not alter the comparison being made). Now, 
in the usual types of mitosis, diploid or haploid, the meta- 
phase sister chromatids are not relationally coiled and 
they do not have a common centromere. Each chroma- 
tid has its own centromere. Is it possible in meiosis | 
that the failure of the centromere to duplicate itself when 
the chromosome is duplicated is responsible for the re- 
tention of the relational coiling? If so, the centromere 
plays a very important role in mitosis and meiosis, espe- 
cially in changing from one to the other. In fact, a 
change in its behavior may be necessary before a cell, 
by gametic meiosis, can produce gametes. And in zy- 
gotic meiosis, a change in its behavior may be necessary 
before a cell, following fertilization, can return to the 
haploid condition. 

There are two cardinal differences between mitosis 
and meiosis.*. They concern the duplication of chromo- 
somes and centromeres. In mitosis, both chromosomes 
and centromeres are duplicated at the same time. In 
the prophase of meiosis I, the chromosomes are dupli- 
cated; the centromeres are not duplicated. They are 
duplicated either in late telophase I or early prophase IT. 
Then, meiosis I, so far as the number of centromeres is 
concerned, is a haploid—there is one centromere for each 
chromosome, not one for each chromatid, as in mitosis. 
In prophase II, the chromosomes are not duplicated ; all 
that happens between meiosis I and II is for the chro- 
matids of I to lose their relational coiling. This, then, 
brings about a reduction in the number of chromosomes. 
In meiosis II, the chromosomes and centromeres are 
both haploid, and this division is like haploid mitosis. 
Then, in meiosis I a generation of centromeres is lost 
and in meiosis II a generation of chromosomes is lost. 
30th of these are regained when fertilization occurs. 

Now, any environmental change which will suppress 
first a generation of centromeres and then a generation 
of chromosomes, can produce meiosis, provided, of 
course, the centrioles and other organelles concerned in 
cell division continue to function normally. However, I 
should point out that such an environment may not in 
itself always produce gametogenesis. Other factors 








‘I am thinking here of the usual type of meiosis which re- 
quires two divisions for completion. In later papers I will de- 
scribe other types of meioses: one in which the duplication of 
both centromeres and chromosomes is inhibited during the first 
nuclear division; another in which the duplication of neither 
centromeres nor chromosomes is inhibited in the first nuclear 
division, but both are inhibited in the second. 
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may be concerned in this process. More experiments 
are necessary before this question can be answered. For 
example, in Barbulanympha meiosis occurs even when 
no gametes are produced (Cleveland, 1947b). In Tri- 
chonympha of the roach Cryptocercus, both gametogen- 
esis and meiosis occur, but not at the same time. 
Fertilization is between gametogenesis and meiosis. 
The first division following fertilization is meiosis I. In 
Trichonympha, experiments (to be reported in other 
papers) show that the molting hormone produces gamet- 
ogenesis, but it may not be responsible for meiosis, since 
both fertilization and zygotic meiosis occur when the 
cysts containing the gametes are transferred to non-molt- 
ing roach hosts. However, the hormone which con- 
verted asexual cells into gametes may persist in the 
gametes and in the zygote. If so, then, it is also respon- 
sible for meiosis. On the other hand, it may be that in 
Trichonympha once gametes have been produced, they 
must fuse or die, and that after fertilization has been 
accomplished meiosis must follow—with no special en- 
vironment or substance being necessary to make the 
centromeres and chromosomes behave as they do—but | 
doubt it very much since the varied assortment of genera 
in Cryptocercus all undergo meiosis at the same time, the 
behavior in those genera where no gametes are produced 
coinciding precisely with that of those genera which pro- 
duce gametes. 

This diversion, I hope, has prepared the reader for an 
explanation I wish to suggest regarding the possible or- 
igin of the similarity in behavior of the centromeres of 
double-chromatid chromosomes in each and every cell 
division with those of most organisms at meiosis I. 

All the protozoa (12 genera, 7 families) of Crypto- 
cercus have sex of one type or another. Holomastigo- 
toides and several other genera of the Spirotrichonymph- 
idae of termites where double-chromatid chromosomes 
have been studied are closely related to the protozoa now 
living in Cryptocercus. 
it very probably existed earlier and has been lost (see 
p. 5). If so, perhaps we are observing a remnant of 


No sex exists in them now, but 


it. The likelihood of such a possibility does not seem 
too remote if one considers the fact that very slight 
changes are necessary to convert meiotic processes into 
the same type of behavior as occurs in these double-chro- 
matid chromosomes and their centromeres. All that 1s 
needed to change to this type of behavior is for the chro- 
mosomes to duplicate themselves between meiosis I and 
IT, something they do not do in meiosis, and for the cen- 
These 
forms have centromeres which, from the standpoint of 
time of duplication, behave as in meiosis; and they have 
chromatids which, from the standpoint of time of dupli- 


tromeres to continue to behave as in meiosis. 


cation, behave as in mitosis. In other words, this seem- 
ingly unusual situation may result from the retention of 
one cardinal meiotic form of behavior and the loss of 


another. 
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In H. diversa, for example, the two double-chromatid 
varieties (text-fig. 5, c, d) which are labeled haploid and 
diploid (figs. 84, 85), are haploid and diploid only from 
the standpoint of their centromeres ; from the standpoint 
of their prophase chromatids, they are diploid and tetra- 
ploid. However, the two single-chromatid varieties 
of H. diversa, are true haploids and diploids, both 
from the standpoint of the centromeres and the prophase 
chromatids (figs. 44, 45; text-fig. 5). 

Returning to the life cycle of the double-chromatid 
chromosomes, we note that the collapse of the matrix 
soon progresses so far that only the barest remains of the 
major coils are left (fig.61d). This is followed by com- 
plete disappearance of the major coils, much chromo- 
somal twisting (fig. 62a), and duplication of the chro- 
matids, each producing two relationally coiled half chro- 
matids (fig. 62c) each of which has its own individual 
minor coils (fig. 62¢). The old generation of relational 
coiling, which began in the previous prophase, persisted 
through metaphase, anaphase and telophase, is still pres- 
ent (fig. 62b), so that from this stage (very early pro- 
phase) in the life cycle on, there are two generations of 
relational coiling, that of chromatids and of half 
chromatids. 

Now each half chromatid develops a new matrix in 
which it is embedded. When these new matrices begin 
to contract, the minor coils of the half chromatids be- 
come tighter, the half chromatids rotate and thus begin 
to lose their relational coiling (fig. 63c). This is the 
new generation of relational coiling, and as rotation of 
the half chromatids removes it, rotation of the chroma- 
tids continues to remove the old or previous generation 
of relational coiling of chromatids (fig. 63>). At the 
same time chromosomal twisting. which may be only 
individual (fig. 63a) or both relational and individual 
(fig. 64a), begins to unwind. From this point on the 
old and new generations of relational coiling and chro- 
mosomal twisting all unwind at the same time, but only 
the chromosomal twisting and the old generation of re- 
lational coiling come out completely in this generation. 

Unwinding of the relationally coiled half chromatids 
does not progress very far before the minor coils become 
so tight that the chromonema begins to bend; as the 
bending progresses, the minors are incorporated in a new 
generation of small, new, loose majors (fig. 64d). By 
this time, considerable progress has been made in the un- 
winding of the old generation of relational coiling (fig. 
64b). only a few gyres being left. while the new genera- 
tion (relational coiling of half chromatids) has many 
gyres left (fig. 64c). 

Presently the gyres of major coils in the new genera- 
tion become close enough together that they may be rec- 
ognized easily (fig. 65d), while slightly over one gyre of 
relational chromosomal twisting (fig. 65a), approxi- 


mately two gyres of relational coiling of chromatids (fig. 
65h), and many gyres of relational coiling of half chro- 
matids remain (fig. 65c). 








XUM 
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In slightly later stages, where more contraction of the 
matrix has occurred, one can now see that the chromo- 
somal twisting (fig. 66a) and the old generation of rela- 
tional coiling (of chromatids) are really coming out 
(fig. 66b). Approximately a gyre of each remains. 
The major coils are considerably tighter (fig. 66d) 
and many gyres of relational coiling of half chromatids 
remain (fig. 66c). 

But neither the chromosomal twisting nor any of the 
coiling systems come out completely before all unwind- 
ing comes to a complete standstill and the resting stage 
is entered (fig. 67a-d). In this stage, which all obser- 
vations indicate may last from several days to weeks, 
there is usually less than one gyre of individual chromo- 
somal twisting, and if relational twisting of chromosomes 
exists at all there is less than a gyre of it (fig. 67a). As 
a rule there is also approximately one gyre of relational 
coiling of chromatids at this time (fig. 67>), while there 
may be as few as two or as many as 12 gyres of relational 
coiling of half chromatids, the usual number being 5 or 
6 (fig. 67c). The major coils are close together but not 
as close as in later prophase (figs. 68d, 69d, 70d), meta- 
phase (fig. 71d) and for a long time in the telophase 
(figs. 72d—79d ). 

In that part of the prophase development following the 
resting stage, relational twisting of chromosomes (fig. 
68a) and relational coiling of chromatids (fig. 68D) be- 
gin to disappear and soon both are lost completely. 
From this point on until late telophase, when rotation of 
chromosomes results from the collapsing of the matrix, 
there is no twisting of chromosomes. This, then, takes 
the twisting to the point where the account of it began. 
And from prophase development following the resting 
stage, there is only one generation of relational coiling 
(that of the half chromatids) until after chromosomal 
twisting has returned; in fact, the next or new genera- 
tion of relational coiling of half chromatids does not ap- 
pear until duplication of the chromatids (fig. 62c). Of 
course, after cell division, what were previously half 
chromatids become chromatids. 

From very late prophase, metaphase, anaphase, and to 
fairly late telophase the relational coiling of half chro- 
matids does not come out at all, and for a very good 
reason ; there is no contraction of the matrix during this 
period so that no rotation occurs (figs. 68c-78c). We 
may conclude, then, that relational coiling does not come 
out except when the matrix is contracting ; and that rela- 
tional twisting and individual twisting do not come in 
except when the matrix is collapsing. 


DISCUSSION 


So many papers have been written dealing with chro- 
mosomes and their coils and so much difference of opin- 
ion exists concerning them that a detailed review of the 
subject would require over a hundred pages and hence 
would be out of place here. It is a job for a text-book. 
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However, it does seem desirable to discusss briefly a 
few points, particularly centromere, relic coiling, and 
relational coiling. Aside from this, I am content to pre- 
sent a straightforward and what I believe to be an accu- 
rate account of the series of events in the life cycle of 
the chromosomes of the hypermastigote flagellates I have 
studied, with no effort whatever on my part to make the 
observations of other workers on other types of material 
fall into line with mine, although I myself am firmly con- 
vinced, from my own observations on other chromo- 
somes, that they will eventually do so. More studies 
and less discussion and argument are needed. 

During the course of this investigation several animal 
and plant cytologists have viewed my preparations of 
these chromosomes of flagellates and without exception 
they have remarked how closely these chromosomes re- 
semble the known stages in the life cycle of the chromo- 
somes of higher plants and animals. The usual remark, 
after studying them and comparing them with chromo- 
somes of higher forms, has been “But they are much 
plainer. This, plus the fact that there are only two and 
that they are rod-shaped, should enable you to learn 
many things about them.” Not once has anyone who 
has seen them even suggested the possibility that the fact 
that they are chromosomes of unicellular organisms 
might in any way disqualify them as material for gener- 
alizations regarding chromosomes. 

The basic pattern for chromosome morphology was 
laid down long ago in unicellular forms and there has 
not been much evolution in it as higher forms have de- 
veloped. Rather, the evolution has been in the content 
—the chemistry—of the chromosomes. For example, 
there has been no evolution, even in the most minor de- 
tails, of chromosome morphology in flagellates of the 
genus Holomastigotoides that live in termites of the 
genus Prorhinotermes. These termites occur in such 
widely separated points as Florida, Madagascar, and In- 
donesia. Some of them have been isolated since the 
Tertiary, if not longer, and yet the chromosomes of their 
flagellates of the genus Holomastigotoides are precisely 
alike. There has probably been no evolution in the 
chemistry of these chromosomes during this period since 
all species in all of these termites are identical regard- 
less of where they are found. Other examples similar 
to this one have been observed. 

Several cytologists who have studied my preparations 
of the centromeres and their relation to the chromone- 
mata have remarked that “Nothing could be plainer than 
the fact that the centromeres in some genera are all ter- 
minal.” They have said, “When you write up these 
studies be sure and stress this fact.” But how can I do 
more than state and illustrate the fact. If, after I have 
done this, there are still doubting Thomases, let them 
prepare and study the chromosomes of these organisms 
themselves. 

Those genera with two chromosomes comprise four 
categories, with several genera in each: in the first, both 
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centromeres are terminal; in the second, one is terminal 
and one median; in the third, one is subterminal and one 
median; in the fourth, both median. In diploid 
forms of these same organisms, the situation of course is 


are 


the same except that there are twice as many chromo- 
somes. In Trichonympha trom Cryptocercus the hap- 
loid number of chromosomes is 24 and they all have ter- 
minal centromeres. In Trichonympha from termites all 
species studied have terminal centromeres. In Barbula- 
nympha, Pseudotrichonympha, Rhynchonympha, Uri- 
nympha, Oxymonas, Pyrsonympha, Saccinobaculus, and 
several other genera, all of which have a fairly large 
number of chromosomes, some of the centromeres are 
subterminal and some are median. In some of these 
genera, and in others not mentioned, there is a great 
difference in the size of the chromosomes. In all, [| 
think one is amply justified in concluding that the chro- 
mosomes of at least some unicellular forms present as 
great a diversity of size and of position of the centro- 
meres as is found in any of the higher forms of life. 

The actual relation of centromere to chromosome is 
very plain when studied in living material with dark 
phase contrast equipment. The chromonema is fairly 
dark, almost as dark as when stained with hematoxylin, 
and the centromere is brown. Under these conditons, 
the contrast between the two organelles enables one to 
see both of them clearly, even when the centromere lies 
adjacent to and sometimes almost seems to be embedded 
in the chromonema, as in certain plant chromosomes. 
This brings up a point which I think few chromosome 
cytologists fully appreciate, namely that the centromeres 
of the chromosomes of some flagellates lie a consider- 
able distance from the chromonema. In some genera 
they may even lie 5-10 microns from the chromonema 
with which they are connected by a strand which, when 
viewed in living material, is seen to be very elastic. 
Pressure on the cover glass will increase the distance 
between centromere and chromonema two to three 
times without breaking the strand. Eventually, how- 
ever, the strand will break after being stretched many 
times, and it is thus possible to separate centromere and 
chromonema, leaving both intact. Permanent prepara- 
tions of this type may be obtained by using drastic 
smearing methods, including sufficient pressure on cells 
to disrupt their nuclei. 

The clear-cut difference in living material between 
centromere and chromonema shows that the centromere, 
even though in mitosis of single-chromatid chromosomes 
it is duplicated at the same time as the chromonema, is 
more than merely a place on the chromonema where a 
chromosomal fibre attaches itself. It indicates that the 
two organelles are probably of very different composi- 
tion. The same is also indicated by the fact that in 
meiosis | chromonemata are duplicated and centromeres 
are not duplicated, while in meiosis II the situation is 
the other way around. This behavioral difference shows 
that the centromere is a very important organelle, that 
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it not only plays an important role in the poleward 
movement of chromosomes, but is also a key mechanism 
in chromosomal reduction. 

Schrader (1936, 1939), Schaede (1936) and others 
have shown very clearly that centromere and chromo- 
nema do not always stain alike. Their observations to- 
gether with mine on living material furnish sufficient 
proof of the individuality of the centromere. In cer- 
tain species of Heteroptera and Homoptera Schrader 
(1935), Hughes-Schrader and Ris (1941) have re- 
ported diffuse or polycentric centromeres, but Geitler 
(1938) may be correct in not wishing to conclude, un- 
til more work is done, that the centromeres of one or 
more orders of insects are greatly different from those 
in other animals and plants. 

But whatever else the centromeres may do, they cer- 
tainly do not form any part of the achromatic figure in 
any of the organisms I have studied, and I doubt very 
much that they do in any cells. I cannot agree with 
White (1945: 18) when he says “At mitosis the centro- 
ineres of all of the chromosomes appear to co-operate in 
producing the spindle, and may be regarded as organ- 
izers of the gelation process which converts the fluid 
nuclear sap and surrounding cytoplasm into the rigid 
body to which the chromosomes are attached.” I really 
cannot understand why White made this statement, 
even though he qualified it, for later in the same para- 
graph he says, “Fragments of chromosomes which have 
lost their centromeres usually do not become attached 
to the spindle, but float about freely in the cytoplasm.” 
And later he says that under special circumstances spin- 
dles can be formed without chromosomes being present. 
He certainly has not considered the large number of 
flagellates where very large achromatic figures are al- 
ways formed outside the nuclear membrane which re- 
mains intact throughout cell division. It is in such or- 
ganisms that one can see more clearly than anywhere 
else the role of the centromeres in mitosis and meiosis. 
The centromere serves as a point in the nuclear mem- 
brane where chromosome and chromosomal fibre make 
contact. 

White, however, is not alone in thinking centromeres 
may sometimes produce the spindle. Darlington (1937: 
544) says, 


In the cleavage divisions of the egg, spindles are developed 
by the centrosomes and by the centromeres, independently 
and simultaneously. These spindles combine and _ their 
combination produces metaphase. At meiosis on the other 
hand the centrosomes play no part at all in the formation 
of the spindle. It arises entirely within the nucleus, pre- 
sumably as a centromere spindle. But before the spindle 
develops the nucleus contracts to a small proportion of its 
previous size. Now, so long as a nucleo-cytoplasmic sur- 
face persists, the difference of structure and behaviour on 
the two sides of it shows it to be acting as a type of semi- 
permeable membrane. The sudden contraction of the 
nucleus, therefore, probably means a loss of water and an 
increase in the contraction of whatever large molecules are 
present in the nuclear sap from which the spindle develops. 


XUM 
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Speculations will never yield definite information regard- 
ing the origin of the achromatic figure, nor will they 
tell us how it functions. 

Perhaps I should mention here, since they are perti- 
nent, observations which I plan to describe in detail 
later. The molting hormone of the roach Cryptocercus 
makes the chromosomes of the flagellate Trichonympha, 
which lives in it, more susceptible to oxygen poisoning 
than the other constituents of the cell. By treating the 
roach with 80 per cent oxygen shortly before it molts, 
it is possible, depending on the length of the treatment, 
(1) to partially destroy the chromosomes of the 
gametocyte of Trichonympha, (2) to destroy some 
of them, (3) to destroy all of them leaving the nu- 
clear membrane intact, (4+) to destroy all of them to- 
gether with the nuclear membrane. Even when the 
last vestige of chromosomes and nuclear membrane 
are destroyed, the centrioles, which are large enough 
to be seen easily, are not affected. They produce 
a perfectly normal achromatic figure, as well as flagella 
and parabasals, and the cell divides, producing two 
anucleate gametes. 

Further, when the flagellate Barbulanympha, which 
also lives in the roach Cryptocercus, is subjected to very 
low concentrations of oxygen shortly after the roach 
molts, its centrioles, which are from 28 to 35 microns 
in length, are destroyed in some cells while in others they 
are prevented from functioning. As a result of this 
treatment, no achromatic figure is formed, the chromo- 
somes are duplicated, but nuclear division does not oc- 
cur. Tt seems to me that these clear-cut experiments, 
even though so far they have been carried out on only 
two genera of flagellates, yield more dependable evidence 
regarding the function of centromere and centriole than 
a thousand observations on material where cytologists 
differ considerably regarding what they see and greatly 
regarding their interpretations of it. 

The failure of the centriole to function in the produc- 
tion of an achromatic figure, due to some change in the 
environment of a cell, is the probable explanation of 
endomitosis or endopolyploidy, which has been found 
recently in so many types of animal and plant cells. The 
stimulus which inhibits the function of the centriole does 
not stop the duplication of chromosomes. Usually in 
Barbulanympha three to four days before its host 
Cryptocercus molts, the centrioles are not merely pre- 
vented from functioning, but one generation is actually 
lost. They disintegrate, but before doing so they pro- 
duce two new ones which replace them. But, in the 
meantime, the chromosomes divide so that the haploid 
cell now becomes a diploid. This is the simplest type of 
endopolyploidy, for, by the time the next duplication of 
the chromosomes occurs, the new centrioles are ready 
to function and nuclear division occurs. This behavior 
is clearly due to the action of the molting hormone on 
the centrioles. It is highly probable, in my opinion, that 
the endopolyploidy so common in insect cells of many 
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types, but best known in those of the salivary glands of 
the Diptera, where multiple chromosomes are produced, 
is caused by the hormone which is responsible for the 
successive series of larval stages through which the in- 
sect passes and that the profound changes of metamor- 
phosis, resulting in the destruction and replacement of 
much tissue, are the insect’s method of disposing of 
tissue which, following each progressive larval stage, 
attains a higher degree of polyploidy and hence eventu- 
ally becomes useless. 

I have used minor, major, super, and relational coiling 
in the same sense that Darlington and most chromosome 
cytologists use them, but I have not used the term “in- 
ternal” coiling. Instead, I have used “individual” coil- 
ing because this seems to me a better term. All coiling 
is of two types: individual and relational. One can 
speak of individual minor, major, and super coils and of 
relational coiling. The individual coiling may be of 
chromosomes, chromatids, and half chromatids, depend- 
ing on the stage in the life cycle and whether chromatids 
are of the double or single type. And the relational coil- 
ing may be either of chromatids or half chromatids, de- 
pending on the type of chromatid, but not of chromo- 
somes. This is twisting, not coiling. I make a clear 
distinction between the two. Relational coiling results 
from the duplication of a chromosome or a chromatid 
when minor coils are present; relational twisting results 
when two chromosomes which have been separated be- 
come twisted about each other. 

A chromosome may also have individual twisting as 
well as coiling, and this has no relationship to individual 
minor, major, and super coils. If I understand Darling- 
ton correctly, he has called this individual twisting “relic 
coiling” or a “relic spiral.” He (1937: 33) says, “At 
telophase a spiral becomes indistinguishable, correspond- 
ing to the supposed structure at metaphase. This is the 
relic spiral.” Then on page 34 he says, “The coiling 
seen in a prophase is a relic of that at the preceding divi- 
sion, not the forerunner of that at the following division, 
as has been generally imagined.” And on page 490 he 
says, 


The reason why the relic spiral cannot be used in forming 
the new internal spiral (= individual coiling according to 
my terminology) is, on the other hand fairly clear: it has 
already expanded to an amplitude far greater than an in- 
ternal spiral ever assumes, and an internal spiral always 
develops by increasing its amplitude, not diminishing it. 


All of which is perfectly true, and I think Darlington will 
agree with me that twisting should be substituted for 
his terms relic coil and relic spiral if I can convince him 
that major coils do not merely become “indistinguish- 
able” in the telophase, but that they disappear. leaving 
behind no remnant or relic whatever. The term twist- 
ing is certainly less likely to confuse the student and 
since, as Darlington says, relic coiling is unrelated to 
individual (= internal according to Darlington’s termi- 
nology) or relational coiling, it should not be referred 
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to as a coil, for it is not a relic of any type of coiling— 
minor, major, super, or relational. Rather, it is a bend- 
ing and twisting of the chromonema which occurs in the 
fairly late telophase as the chromosomal matrix begins 
to collapse and thus gradually frees the major coils 
which eventually disappear entirely (figs. 6d-10a). I 
wish to emphasize the fact that nothing can be plainer 
in the material I have studied than the complete dis- 
appearance of all major coils in the late telophase of 
each nuclear cycle. In the mid-prophase or there- 
abouts, the place where Darlington first sees his relic 
coils after losing them (as major coils) in the previous 
telophase, the individual chromosomal twisting (fig. 
12a) does resemble disorganized major coils more than 
it does in the interphase or apparently longest stage of 
the chromonema (fig. 10a). This is due to the fact 
that the apparent shortening of the chromonema pre- 
paratory to the development of the new generation 
of major coils, although hitherto not recognized as 
such, has already progressed far enough by this time 
to have tightened in places the looser bends and twists 
that were present in earlier stages. In fact, if the mid- 
prophase were the only place in these chromosomes of 
flagellates where I could see these bends and twists of 
the chromonema, I very probably would consider them 
relics or remnants of the telophase major coils, but it is 
perfectly clear, in chromosomes which may be followed 
through their entire life cycle, that major coils leave be- 
hind no relic. 

As development of the new major coils progresses, 
the twisting of the chromonema comes out, all of it 
finally coming out by the time the new generation of 
majors is fairly well organized and, just as Darlington 
says, it does not enter directly into the formation of the 
new majors. Rather, the chromonema loses its pro- 
phase kinks, bends, and twists—Darlington’s relic coils 
—as it becomes recoiled into a new generation of majors. 

3ut the minor coils which are present at this time—in 
fact are always present—are not taken out as the new 
majors come in. Instead they are incorporated in the 
majors where they lose none of their identity. Likewise, 
later, in those chromosomes where super coils occur, the 
majors are incorporated in supers and without losing 
their identity. 

Sparrow (1942) has given the most complete and 
most accurate account of prophase major coils. He has 
shown that as the gyres become larger in diameter they 
And he has also shown that 
3ut he has 


become fewer in number. 
relational coiling is resolved by unwinding. 
not shown, nor has anyone else, how relational coiling is 
produced, how major coils disappear and reappear, and 
the relation of the ever present minors to the majors. 
He has shown majors at metaphase, but he has not 
shown the minors incorporated within them at this or 
any stage. 

I believe that in the course of time the eye experienced 
in detecting minor coils will be able to find them incor- 
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porated in all majors, in mitosis as well as meiosis; that 
major coils occur in mitosis as well as meiosis, and that 
the term “standard coil” of mitosis should be dropped ; 
that the apparent lengthening of chromatids at anaphase 
and telophase results from a gradual loss of the regular- 
ity and compactness (close together) of the major coils. 
This process begins earlier in some types of material than 
in others, and it even progresses faster sometimes in one 
chromatid or chromosome than in another in the same 
nucleus. — 

If majors disappear completely—and I know they do 
in the material I have studied—the question of reversal 
of major coils has no significance, because the new gen- 
eration of majors would be free to coil in either direc- 
tion. Further, since it is perfectly plain that the devel- 
opment of new majors may begin in two or more places 
in a chromatid or half chromatid before they begin all 
along it, we thus see clearly how differences in direction 
may occur in the same arm. 

The hypothesis of Darlington (1937) that relational 
coiling is produced by torsion soon breaks down when 
one applies it to actual conditions observed in chroma- 
tids. Instead of coming in as the matrix contracts and 
the chromatids become apparently shorter (major coils 
become larger and closer together), relational coiling 
comes out. In the very earliest prophase, there are 
many more gyres of relational coiling than in mid-pro- 
phase, and there are more at mid-prophase than later. 
As Sparrow (1942: 264) has pointed out, when first ob- 
served, there are so many gyres of relational coiling that 
they could not possibly have been produced by one chro- 
matid being twisted about another due to torsion. Also, 
the relational coiling at a fairly early stage is far too reg- 
ular to have been produced by one chromatid twisting 
about another. In fact, to produce this regularity both 
chromatids have to twist, and the twist in each has not 
only to be in the same direction but at the same rate. 
Clearly an impossibility. 

On the other hand, if one forms no hypothesis at all 
but merely accepts as fact what he can see and can verify 
over and over again by direct observation on stained and 
living material, the manner in which relational coiling is 
produced is simple and no obstacles are encountered in 
relating this information to the loss of relational coiling 
and to the formation and disappearance of major coils. 
In the very latest telophase of single chromatid chromo- 
somes (fig. 10¢), one can see only minor coils; in the 
very early prophase (fig. lle), which, in the material 
illustrated, follows the telophase with no intervening 
phase or stage, one can see regions along each of the two 
chromosomes where only a minor coil is present (1°), re- 
gions where the gyres of relational coiling are very small 
and close together (y), and regions where some unwind- 
In the 
first region, one sees minor coils of a chromosome ; in the 


ing of the relational coiling has occurred (z). 


second and third, one sees minor coils of chromatids. 
At duplication, each chromosome passes on to each of its 
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daughter chromosomes or chromatids an exact replica 
of its own minor coils. This is brought about by a du- 
plication of the chromosome in the same direction as that 
of the gyres of its minor coils. Verification of this, in 
addition to what one can see, may be had by comparing 
the number of gyres of minor coils in a chromosome be- 
fore duplication with the number in each chromatid after 
duplication. One can also see a relationship between 
minor and relational coiling by comparing the number of 
minor gyres in a chromosome before duplication with the 
number of gyres of relational coiling after duplication. 

[ have seen many times the two arms of a single chro- 
mosome, or two portions of the same arm, twisted about 
one another as a result of the rotation of the chromonema 
during the disappearance of major coils, but this twist- 
ing, which never comprises more than a few gyres, 
should not, in any way, be confused with relational 
coiling. 

Also, when two chromosomes—it does not matter 
whether they are the single or double chromatid type— 
pair in the prophase, they sometimes twist about one an- 
other, especially if pairing begins when the majors are 
still fairly loose or, in those instances where supers are 
present, before supers are formed. This twisting, which 
never comprises more than a few gyres and is due to a 
difference in rate of development of the major (or 
super) coils in the two pairing chromosomes, should not 
be confused with relational coiling. It also should not 
be confused with the relational twisting of non-homolo- 
gous chromosomes that sometimes occurs in the telo- 
phase when the major coils are being lost (figs. 5a, 19a, 
65a). 

There are three types of relational twisting of chromo- 
somes: (1) twisting of non-homologous chromosomes ; 
(2) twisting of paired chromosomes; (3) twisting of 
portions of the same arm or of the two arms of a chro- 
mosome. There is no need whatever to confuse any of 
these with relational coiling. First, because they are of 
chromosomes and relational coiling is always either of 
chromatids or half chromatids. Second, there are never 
more than a few gyres of the chromosomal twisting, 
while over three hundred gyres of relational coiling of 
the chromatids of a single chomosome may be seen 
plainly soon after they are produced (fig. 12), and the 
same is true with regard to the number of gyres of rela- 
tional coiling of the half chromatids of a single chromatid 
(fig. 62c). 

If relational coiling is produced by torsion, as so many 
cytologists have speculated, why is it always confined to 
sister chromatids or to sister half chromatids? 

Finally, in double chromatid chromosomes, there is 
unquestionable proof that relational coiling cannot be 
produced by one chromatid twisting about another. In 
these chromatids, from early prophase to metaphase 
(figs. 62-71), there are two generations of relational 
coiling, namely that of chromatids and that of half chro- 
matids, and during the rest of the chromosome cycle 
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there is one generation. How, for example, could the 
twisting of one chromatid about another produce at the 
same time a relational coiling of the chromatids and a 
relational coiling of the half chromatids? The truth of 
the matter is: the relational coiling of the chromatids is 
present in the telophase (figs. 585-60/) and it persists 
through telophase to prophase (figs. 61b-62)), without 
losing any gyres, and is present when the duplication of 
the chromatids produces relational coiling of half chro- 
matids (fig. 62c). From this point on to metaphase, 
there is unwinding of the two generations of relational 
coiling, that of chromatids becoming completely un- 
wound by metaphase, but that of half chromatids, having 
more unwinding to accomplish (and it cannot proceed 
faster than that of the chromatids), does not complete 
its unwinding. This relational coiling of half chroma- 
tids persists until the prophase of the next generation, 
when it becomes relational coiling of chromatids. Thus 
the two generations of relational coiling overlap one an- 
other. Is there any conceivable way such an overlap- 
ping could be accomplished by twisting ? 

In that type of prophase chromosome which is com- 
posed of two chromatids each of which is double, there 
must be four genes of each type, two of which are passed 
on to each gamete. A zygote formed by the fusion of 
such gametes has four, not two, genes of each type. On 
the other hand, when a prophase chromosome is com- 
posed of two single chromatids, only one gene of each 
type is passed on to each gamete, and the zygote formed 
by the fusion of these gametes has only two genes of each 
type. In the protozoa that I have studied, single chro- 
matids are much more common than double ones, but in 
the higher forms of life double chromatids are probably 
more common. Can the same species in higher forms, 
as in Holomastigotoides, have both types of chromatids ? 
What bearing do these cytological facts have on hered- 
ity? Do genes still behave as a unit irrespective of how 
many times they are represented? These questions can- 
not be answered at present. Huskins (1947) has dis- 
cussed some of them in considerable detail. 


SUMMARY 


All chromosomes have minor and major coils; some 
have super coils; and some have supers in meiosis but 
not in mitosis. They all have a chromenema which, 
during a part of its life cycle, is embedded in a matrix; 
duplication can first be seen in the very early prophase 
when only minor coils are present and when chromo- 
somes appear to be longest, although they are actually no 
longer in one stage than in another so far as their chro- 
monemata are concerned. The minor coils are the only 
ones that exist throughout the life cycle of a chromo- 
some; major and supers (when present) disappear and 
reappear during each chromosomal generation. Each of 
these three types of coils is independent in that minors do 
not grow up to become majors, nor do majors increase 
in size and become supers. Instead, minors are incor- 
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porated in majors and majors, together with the minors 
incorporated in them, are incorporated in supers, all of 
which is brought about by continuous contraction of the 
matrix, thus forcing the chromonema to occupy a shorter 
and wider space as contraction continues (figs. 46-51, 
86). When majors and supers disappear, owing to the 
collapse and distintegration of the matrix, this process is 
reversed; the supers are lost first and then the majors. 
A chromosome goes through this cycle during each gen- 
eration, that is, puts in major (and sometimes super ) 
coils preparatory to nuclear and cell division and then 
loses these coils preparatory to duplication and separa- 
tion (unwinding). But nuclear and cell division are in 
no way responsible for these changes, since they occur 
in endomitosis, a process where neither nucleus nor cell 
divides. Rather, these changes make it possible for a 
nucleus to divide when the proper stimuli are present. 
If a chromosome did not become apparently shorter, its 
daughters would not be free to move to separate poles; 
and, on the other hand, if it did not become apparently 
longer, by losing its major coils (and supers too when 


present), the relational coiling, produced as a result of 


duplication, could not be resolved and the daughters 
would remain coiled about each other. 

Chromosomes are of two types, those with single and 
those with double chromatids. 

Relational coiling occurs in chromatids and half chro- 
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matids, but not in chromosomes. 
occurs only in chromosomes and 1s of three types: paired 
non-homologous 


Relational twisting 


homologous chromosomes, chromo- 
somes, and portions of the same arm or of the two arms 
of a chromosome. The twisting, as the term implies, is 
produced by two chromosomes or two parts of a single 
chromosome twisting about one another due to rotation. 
Relational coiling is not produced by any type of move- 
ment of the chromatids; no torsion or twisting is in- 
volved. It is produced by a duplication of the chromo- 
some (or chromatid) in the same direction as that of the 
gyres of its ever present minor coils. Relational coiling 
is resolved by unwinding; each chromatid or half chro- 
matid rotates. 

“Individual” when applied to coiling is a better term 
This is especially true since there is no 
One, then, can speak of 


than “internal.” 
such thing as external coiling. 
the individual minor, major, and super coils of chromo- 
somes, chromatids, and half chromatids as contrasted 
with the relational coiling of chromatids and_ half 
chromatids. 

There is no need for the retention of the term “stand- 
ard coil” in mitosis. 

Relic coiling is a misnomer ; the major coils, of which 
it is supposed to be a remnant, disappear entirely in the 
very late telophase. What is left is merely waviness, 
twisting, and kinking of the chromonema, and this bears 


TABLE 1 


THE Lire CycLeE oF CHROMOSOMAL 


Prophase (resting) 


Minor coils 
Major coils 
Super coils 
Relational coiling 


Chromosomal twisting 


Minor coils 
Major coils 
Super coils 
Relational coiling 
(two generations ) 


(one generation———) 


Chromosomal twisting 


Metaphase 


IWISTING AND EacH TYPE OF COILING IN MiuTOsIS 


Single Chromatids 


Anaphase Telophase 


Double Chromatids 


In meiosis I chromosomes, relational coiling and major coils are retained longer than in mitosis. 
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rABLE 2 


THE SAME TyPE OF DIAGRAM AS SHOWN IN TABLE 1 EXCEPT THAT THE STARTING POINT IS IN THE TELOPHASE, 
AS IN THE ILLUSTRATIONS, SHOWS SOME THINGS MORE CLEARLY 


Telophase Prophase 


Minor coils 
Major coils 
Super coils 
Relational coiling 


Chromosomal twisting 


Minor coils 
Major coils 
Super coils 
Relational coiling 
(two generations) 


(one generation ) 


Chromosomal twisting 


Single Chromatids 


resting) Metaphase \naphase 


Double Chromatids 


In meiosis I chromosomes, relational coiling and major coils are retained longer than in mitosis. 


no relationship either to past or to future coils. Hence, 
twisting is a less confusing and more appropriate term 
than relic coiling. 

The so-called resting stage in chromosomes is not the 
same in all types of cells; some chromosomes rest in the 
fairly late prophase, some in the telophase, and others in 
the interphase. Interphise and resting stages are not 
always synonymous. Failure to recognize this fact has 
produced much misunderstanding and confusion. 


The centromere is certainly not merely a part of or a 
point on a chromosome. It leads an independent exist- 
ence, and plays a more important role in mitosis and mei- 
osis than previously recognized. In addition to its func- 
tion in the movement of daughter chromosomes to the 
poles in mitosis and meiosis, it plays an important role in 
the reduction of chromosomes at meiosis. 

There is no longer any question regarding the exist- 
ence of terminal centromeres. 
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EXPLANATION OF PLATES 


Unless otherwise noted, drawings are at a magnification of 
2100, fixative is Schaudinn’s, stain is iron alum hematoxylin, or- 
ganism is Holomastigotoides tusitala, and host is Prorhinotermes 
simplex Hagen. In H. tusitala and H. diversa long chromo- 
somes, chromatids, and half chromatids, with lateral and ter- 
minal nucleoli, are dark; short chromosomes, chromatids, and 
half chromatids, with only terminal nucleoli, are light. Each 
nucleus of H. tusitala, no matter how many times it is drawn, 


bo 
~I 


is given the same number, but each drawing is given a different 
letter, and each letter, throughout the plates, refers to the same 
type of coiling: 
a—twisting of chromosomes (individual, relational, or both) 
b—relational coiling of chromatids 
c—relational coiling of half chromatids 
d—major coils of chromosomes, chromatids, half chromatids 
e—minor coils of chromosomes, chromatids, half chromatids. 
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PLATE 1 


la. Telophase shortly after cytoplasmic division. Anterior 
daughter cell. Flagellar bands viewed somewhat vertically 
showing the manner in which they arise in anterior end of 
cell. New, fifth band and new centriole that follows it have 
grown out to point where line is broken. Early individual 
twisting of chromosomes. Both chromosomes are anchored 
by remnants of the achromatic figure to old centriole which 
leaves flagellar band 5 after following it for 1% turns. 

Id. Major coils. Reversals of majors are of no significance 
when method of their disappearance and reappearance in 
each generation of chromosomes is clearly understood. 

le. Minor incorporated in majors. Chromosomal 
membranes are fusing to form a new, common nuclear mem- 
brane. 

Chromosomes appear longer and there is only a small 
amount of individual twisting in them. New flagellar band 
5 and centriole have made further progress in growing out 
and taking their places beside old band 4 and the old centri- 
ole that follows it. Note how new centriole is leaving flagel- 
lar band 5 at the same point where the old one leaves band 4. 


cous 


2a. 


Fic. 


FIG. 


Fic. 


2d. Major coils and more of them than in la. The number 


varies considerably from cell to cell. 
2e. Minor coils. 


3a. Considerable individual twisting in each chromosome. 
Nuclear membrane becomes shorter and wider as chromo 
somes twist. New flagellar band 5 and new centriole that 
follows it have completed their growth, the new and old cen- 
trioles have formed an achromatic figure between their free 
distal ends, one chromosome (the short one in this cell) has 
moved from its former anchorage to the old centriole and is 
now fastened to the new centriole (lower right corner of the 
achromatic figure). The long chromosome has not moved, 
has kept its anchorage to the old centriole (upper left corner 


of achromatic figure). See text-figures 2 and 3. 


3d. Major coils are loose and in places have lost some of 
their regularity. 

3e. Minor coils are placed under slight tension in those 
places where majors are losing their regularity. 
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PLATE 2 


4a. More individual twisting of chromosomes, nucleus 
shorter and wider. The flagellar bands (4 and 5) slant dif- 
ferently from those of figs. 2a and 3a because they are the 
bottom bands. Those of 2a and 3a are the top bands. See 
text-figure 1, b. In later stages the free ends of the centri- 
oles usually extend from the bands at right angles or nearly 
so and the achromatic figure is more or less parallel with 
the long axis of the nucleus. 


dd. 


4e. Minors are almost free near centromere ends because 
majors at these places have nearly disappeared. 


Major coils looser and chromosomes appear longer. 


5a. Slightly more individual twisting of chromosomes and 


a gyre of relational twisting. 


Fic. 5d. 


Fic. 


Fic. 





Majors mere irregular, not tightly coiled in any por- 
tion of either chromosome. By this stage the collapsing ma- 
trix material has begun to scatter through the nucleus. 

5e. Note one portion of short (light) chromosome near 
centromere end where only minors are present. 

6a. Individual twisting of chromosomes more advanced. 
One gyre of relational twisting. Even though greatly 
twisted, chromosomes are longer than nucleus and are bend- 
ing on themselves anteriorly. 

6d. Major coils very irregular for most of the length of 
each chromosome. Note how the chromonema loops on it- 
self as the majors are released by the collapsing matrix. 
6e. Only minors present in many places along each chomo- 


some. 
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PLATE 3 


7a. More individual twisting of chromosomes but no rela- 
tional twisting lerminal nucleoli have fused. 
7d. Chromonema folds back on itself more and thus occu- 


pies more of the nucleus which has become broader—an ad- 
justment to accommodate the apparent lengthening of the 
In only a few places can one see more than 
remnants of major coils. In the region between nucleoli not 
f them is left 


7c. Even though major coils are nearly gone minors are 


chromosomes 


even a remnant 
very tight all along each chromosome. 

Sa. Slightly individual twisting of 
All nucleoli—two terminals and lateral—fused. 
Sd. Still regions along each chromosome where no 


more chromosomes 
mort 
major coils at all are present; in a few places remnants of 
them can be seen. 


8e. Minor coils are not as tight in those places (lower pot 
tion of nucleus) where majors have disappeared completely 
as where remnants remain (near nucleoli and achromatic 


figure). 


9a. Chromosomes greatly twisted individually but only one 
gyre of relational twisting. No fusing of nucleoli. 


9d. Remnants of major coils near centromere ends of each 
chromosome and a short portion of the long chromosome in 
centre of nucleus. Elsewhere along each chromosome not a 
vestige of major coils remains. 


remnants 
two 


9¢. Minors looser except in those places where 
of the major coils remain. Nucleus is broader and the 


chroiaonemata fill most of it 
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PLATE 4 


10a. Chromosomes greatly twisted individually, but not 
relationally. All nucleoli fused. 

10e. Matrix completely collapsed and hence exerts no ten- 
sion on the minor coils, allowing them to relax and thus re- 
veal their true molecular This is the so- 
called “interphase” of many types of cells and it is also the 
resting stage for many cells, but not for all, not for Holo- 


configuration. 


mastigotoides. 
lla. There is a great deal of individual twisting of chromo- 
somes, but less than a gyre of relational twisting (the short 


3,100. 


chromosome lies over the long one) 





lle. There are places in each chromosome where duplica- 
tion has not occurred and only minor coils are present; other 
places where duplication has occurred and has produced 
tight relational coiling of chromatids, each of which has its 
own minor coils; and near centromeres ) 
where duplication has been followed by some unwinding of 
the relational coiling. Centromeres were duplicated at the 
same time as the chromosomes, and one is connected to each 
corner of the achromatic figure, but only two of them—one 
and one to a long chromatid—have 


and a few places (2 


connected to a short 


moved 3,100 
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TELOPHASE 





twisting of chromosomes 






Yad <— centromeres 
PROPHASE — 





twisting of chromosomes minors of chromosomes and chromatids 


chromonemata duplicating 
x—not duplicated 


y— duplicated, not unwound 
z—duplicated, unwound 
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PLATE 5 


and relational twisting of chromo- 


eoli fused. 


Both individua 
Terminal nuc 
Relational coiling of chromatids is evident all along 


each chromosome, being still fairly tight in most places. 


Unwinding does not 


> 


lave to begin at ends of relationally 





led chromatids. It may begin anywhere. 
In those places where relational coiling of chromatids 
inwound, minor coils of each chromatid are plainer. 
a. Individual and relational twisting of chromosomes. 
Considerable progress in unwinding of relationally 


col 
Fic. 12¢ 
Is lt 
Fig. 13 
Fic. 13 


coiled chromatids 


iG. 


l3e. Minor coils may now be seen plainly all along each 
chromatid. There is no difficulty in differentiating rela- 
tional and minor coils as in earlier stages with less un- 


winding of relationally coiled chromatids. 

l4a. Individual twisting of chromosomes. Lateral nucle- 
oli of long chromatids fused with terminal nucleoli of short 
chromatids. 

14b. Relational coiling of chromatids out in places ; 
ing degrees of tightness elsewhere. 
l4e. Contraction of the matrix 
tightened minor coils considerably. 


vary- 


of each chromatid has 
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PLATE 6 


Fic. 15a. Individual twisting of chromosomes is becoming less. Fic 
One gyre of relational twisting of chromosomes. 

ic. 15>. Relational coiling of chromatids is out for longer Fic. 
stretches. However, there is still a fair amount left 

Fic. 15¢. Minor coils are as tight—close together—as they can Fi 


be. More contraction of matrix will force chromonema to 
bend, throw minors out of alignment, and thus start the in- 
corporation of minors in a new generation of major coils. 


Fic. loa. Less individual twisting of chromosomes 





16 Not many gyres of relational coiling of chromatids 
left. 

lod. The bends in the chromonemata of the chromatids 
are the beginning of a new generation of major coils of 
chromatids. 

l6e. Contraction of the matrix of each chromatid could 
not force the minor coils of the chromonema any closer to- 
gether, so it pushed them out of line, bent the chromonema, 
and in so doing began to incorporate the minors in develop- 


ing new, major coils. 
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minors of chromatids 


twisting of rela. coiling of 


chromosomes | 7 chromatids 
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chromatids 


minors of 


beginning of chromatids 


\. major cols 
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PLATE 7 


l'ic. 17a. The chromosomes are apparently shorter and have Fic. 18a. Still less twisting of chromosomes 
less individual twisting 


, ve ° > , es e . “IG S/> O y ree gyres of relation: ‘oiling i he long at 
Fic. 17>. Only a few gyres of relational coiling of chromatids Fic. 18). nly three gyres of relational coiling in the long a 


only one in the short chromatids. Terminal nucleoli of all 


left. All nucleoli have been fused and the terminals are : rela 

pulling away from the laterals. four chromatids fused. 
a1 7 ac ’ } - > ate are . . . . . . * 9 
Fic. 17d. In some places the bends of the chromonemata are Fic. 18d. Major coils, owing to continued contraction of the 


becoming better organized into major coils. It is plain how 
more contraction of matrix will produce tighter and more 
regular major coils. 

ic. 17e Minor coils are slowly being incorporated in the de- Fic. 18e. Continued progress in the incorporation of miners 


matrix, are becoming more and more regular. In a few 
places they are almost as tight as they will ever be. 


veloping major coils in majors. 
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relational i chromatids. 
his coiling comes out the chro- 
No fusion of nucleoli. 
he major coils all 


that when 
mosomal twisting will come out too. 
Considerably more regularity in 
each chromatid. 

There are now no minor coils that are not incorpor- 


in majors 


PLATE 





8 
Fic. 20a. Still less individual twisting of chromosomes 
Fig. 20b. Now less than two gyres-of relational coiling in chro 


F 





matids. li terminal nucleoli from two long and one short 
chromatids were not fused, there would be only one gyre of 
relational coiling. Lateral nucleoli fused. 

;; 20d." Major coils broader, more regular, thus making 


chromatids appear shorter. 


Fic. 20e. Enlargement of majors incorporates more minors in 
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them. 
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PLATE 9 


2la. Twisting of chromosomes has all but disappeared and 
will not be shown again until it reappears in late telophase. 
Less than a gyre of relational coiling of chromatids 
remains. No nucleoli fused 

2ld. Majors closer together and therefore chromatids ap- 
pear shorter. 

2le. Minors in very plain. Membranes forming 
around each chromatid. All nuclear material not within 
these membranes will be slowly discarded into the cytoplasm 
After cell division, the individ- 
to form the new nuclear 


majors 


as de velopment progresses. 
ual chromosomal membranes fuse 
membrane. 


44 


iC 
rIG 


22b. Relational coiling of chromatids is nearly all out and 
will not reappear in the life cycle of the chromosomes until 


the next early prophase. 


22d. Major coils as close together and regular as they will 
ever be. Fusion of terminal nucleoli of non-sister chro- 
matids. 

22e. Except for membranes around each chromatid, this 


is the condition of most organisms in any preparation—and 
is the resting condition. Formation of membranes around 
chromatids is the first step in prophase development follow 


ing the resting stage. 
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23d. Prophase development following resting — stage with contents within nucleus, have been discarded into the 
Achromatic figure has begun to grow again, becoming cytoplasm 

longer and wider. As it increases in length, sister chro- Fic. 24d. Sister chromatids slightly more separated than 
matids are slowly separated, separation at the centromere previous illustration. 

ends occurring before it does elsewhere. Frc. 24e. Minor coils. More progress in discarding of pieces 
23e. Minor coils. Pieces of nuclear membrane, together of nuclear membrane and nuclear contents 
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25d. 
There is no true metaphase stage. 
sister chromatids are in anaphase. They have been sepa- 
rated since very early prophase. The distal halves of the 


chromatids have not separated at all. 


This is about the only stage one can label metaphase. 
The centromere ends of 


25e. Minor coils. Anteriorly the nuclear membrane is 
dividing ; much of it has yet to be discarded. 
26d. Major coils. Central spindle has elongated. The 


centrioles and flagellar bands are more rigid than central 


spindle, so it was forced to bend as it grew. Thus the 


sister chromatids are separated and two non-sister chroma- 


Fic. 


1] 





tids come to lie side by side. This is the only time in the 
life cycle of the chromosomes of H. tusitala that any at- 
tempt at pairing of chromatids is seen. It is a very feeble 
one, occurring infrequently and mostly near distal ends. 
Non-sisters pair—if indeed it can be called pairing at all 
as well as sisters. In the closely related H. diversa, typical 
pairing is a regular occurrence, the haploid variety forming 
dyads and the diploid tetrads. 

26c. Minor coils. Nucleus is much longer than chromo- 
somes. If anterior ends of sister chromatids were not so 


far apart, this could easily be called a metaphase. 
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Fic. 27d. This organism is at about the same stage of develop- 
ment as the previous one, but appears different since it is 
viewed from a different angle. The two would be much 
alike if one were rotated 180°. The centrioles are leaving 
the flagellar bands from the bottom. 

Fic. 27e. Minor coils have not changed at all since late pro- 
phase. 
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28d. Increase in length of the fibres (astral rays) of the 
central spindle has bent it greatly, producing almost a circle. 
The central spindle could not push the flagellar bands and 
The 
well-separated groups and I suppose this can be called a 
telophase. 
28¢. The 
demarked. 


eventually. 


centrioles apart. non-sister chromatids are in two 


membranes around each chromatid are clearly 
Everything else in the nucleus will be discarded 


uw 


bo 
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Fic, 


29d. Growth of the central spindle fibres has not pro- 
gressed faster than development and separation of chroma- 
tids, so the central spindle in this cell has not been forced 
to bend. Another example of homologous and non-homol- 
ogous “pairing.” Joining of last gyre of one long (dark) 
chromatid with 14th gyre (from distal end) of its sister 
has retarded separation. 

29e. Some of the interconnections between chromatids 
clearly extend from the chromonema of one to that of the 
other. 
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PLATE 14 


30d. Flagellar band 5 has separated from the other four 
bands anteriorly, and has made 1% turns of the body of the 
cell. Its free, anterior end now lies adjacent to the nucleus. 
Before this band separated from the others, the central 
spindle had become greatly bent, and remains so. Now, the 
nucleus can divide since one flagellar band and its centriole 
will be free to move and carry two of the chromatids with 
it as soon as the central spindle pulls apart, and this occurs 
presently. 


30¢. Nucleus lobulated, preparatory to discarding of large 
portions of its contents into cytoplasm. 
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PLATE 15 


Fic. 3ld. Further progress in unwinding of flagellar band 5, 
central spindle has pulled apart, nucleus has discarded more 
of its contents and is dividing. 

Fic. 3le. Minor coils are still incorporated in tight major coils. 
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PLATE 16 


ar division complete and unequal except for 
The smaller daughter nucleus always goes 
fifth flagellar band to which it is connected by 


centriole and the remains of that portion of the achro- 
matic figure which this centriole produced. The other nu- 


. in the 


same manner, is connected with the fourth flag- 


Fic. 





ellar band. This band does not move; hence the nucleus 
attached to it must remain stationary. 

32¢. Each nucleus still has more material to discard; the 
free one is farther along and will complete the progress 
sooner than the larger, stationary one. More progress has 
been made in unwinding of flagellar band 5 
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Fic. 33d. The free flagellar band has made more progress in lar band 5, only entire cells at lower magnifications with 
unwinding and separating itself from the other four bands, major and minor coils omitted are illustrated. 
and is carrying its nucleus with it. The major and minor ' me sa ; - 
coils do not change at all during the brief period from this Fic. 33e. rhe nucleus attached to the free, fifth flagellar band 
stage to the telophase after cytoplasmic division (figs. 1d, has now discarded all of its material except that which from 
le) where the account of them began. Since they do not the late prophase on has been contained within the small 
change and since the primary interest from this point on to membrane around each chromatid. The other nucleus will 
the completion of cell division is in the unwinding of flagel- soon do the same thing. It always does so later. 
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34. Entire cell at the time the fifth flagellar band first be- 
comes separated from the other four bands. X 590. 

34A. Detail of anterior end of cell showing how band 5 
leaves the other bands. The achromatic figure has just 


These two events must be coordinated; other- 
1.800. 


pulled apart. 
wise nuclear division is abnormal. 
35. The free flagellar band has completed slightly more 
than half the turns of the body it will have to make in order 
to separate itself from the other bands. One nucleus and 
centriole go with this band. The other nucleus and centri- 


ole remain with band 4. That portion of the central spindle 


associated with the anterior or stationary nucleus remains 
for a considerable time after the portion associated with the 
moving or posterior nucleus disappears. 


590 





18 


Flagellar band 5 has completely unwound itself from 
the other four bands and has partially re-established its coil- 
ing system (in the posterior end of the parent cell or what 
will presently be the anterior end of the new, small, posterior 
daughter cell). 

The free flagellar band has almost completely reorgan 
ized its coiling system, the cytoplasm of the parent cell is 
constricted preparatory to a transverse division which, when 
completed, will produce a large anterior daughter cell with 
four flagellar bands and a small posterior daughter cell with 


7 
I. 


Fic. 


one flagellar band. 590. 
Fic. 38. Anterior daughter cell with four flagellar bands. 
590. 
Fic. 39. Posterior daughter cell with one flagellar band 
590. 
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PLATE 19 


All figures are of Holomastigotoides diversa. Cytoplasmic Fic. 42. Another type of 3-chromosome telophase nucleus afte1 
division is longitudinal, terminal centromeres are anchored to cytoplasmic division. Two long (dark) chromosomes with 
nuclear membrane, and achromatic figure is in contact with nu- terminal and lateral nucleoli and one short (light) chromo 
cleus only during metaphase, anaphase, and early telophase. some with only a terminal nucleolus. All terminal nucleoli 
ic. 40. Detail of anterior end of cell showing relation of nu- fused. Major coils 

cleus to achromatic figure in the fairly late prophase which Fic. 43. 2-chromosome fairly early prophase nucleus. A new 

is also the resting stage. Note eight flagellar bands, cen- generation of major coils is forming in each of the four 

trioles which follow bands 4 and 5 for a short distance, chromatids. 

become free, and have produced an (resting) achromatic Fic. 44. 2-chromosome prophase nucleus shortly after resting 
, oe — their iree ends aj 1,500 ! oe stage. Achromatic figure, which still lies some distance 
Fic. Wd. A 2 ea ee ee nucleus. light, from nucleus, has begun to grow again. Its astral rays 

large major coils. Each of the four chromatids has a tr- will soon make contact with the centromeres of the chroma 

sven! pron a gh _— ecg A agg gy tino tids (and become chromosomal fibres). Large, tight major 

—e : . ; : coils. Terminal nucleoli of short chromatids fused. 

meres are permanently anchored to the nuclear membrane 

but are free to move laterally. 1.500. Fic. 45. 4-chromosome diploid nucleus, slightly earlier prophase 


than previous haploid (fig. 44). Achromatic figure lies 
farther away from nucleus. Note eight centromeres, one 
for each chromatid. Between this stage and metaphase, 
first chromatids will pair, then chromosomes will pair, 


Fic. 41. 3-chromosome telophase nucleus after cytoplasmic di 
vision. Two short chromosomes (light) and one long chro- 
mosome (dark). Lateral nucleolus of long chromosome 
fused with terminal of one short chromosome; terminal of 


long fused with terminal of other short chromosome. Major forming, altogether, two tetrads; one composed of four 
coils more relaxed than in late prophase (fig. 40d). Centro short homologous chromatids (light): one composed of 
meres terminal aud anchored to nuclear membrane. four long homologous chromatids (dark). 
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46. Telophase nucleus after cytoplasmic division. Two 
chromosomes with almost median centromeres, at- 
tached to upper right corner of achromatic figure, other 
In the long, darker chromosome, mi- 


one 
to lower left corner. 
short chromosome, 
shown. 


nors are shown incorporated in majors; 
majors only shown. Matrix of both chromosomes 
Holomastigotoides sp. from Coptotermes niger Snyder from 
Panama. 

47. Prophase chromatids, median centromeres, one at 
tached to each corner of the achromatic figure. Note the 
large, loose major coils; in the two longer, darker 
chromatids minors shown incorporated in majors; in 
short ones only 2-chromosome 
Holomastigotoides sp 
from Egypt. Delafield’s hematoxylin, Schaudinn’s fixative 
48. Prophase chromatids, two on left have terminal cen- 
tromeres attached to upper and lower corners of achromatic 
figure; two on right have median centromeres attached to 
upper and lower corners of achromatic figure. The chro 
matid on the left, minors in majors and the beginning of 
supers are shown. The one next to it on right, supers are 
better developed. The long, darker chromatid on right has 
three well-developed supers in right hand arm and the be- 


very 
are 
majors shown. This is a 
from Psammotermes fuscofemoralis 


ginning of supers in the other arm. Its sister, 2-armed 
chromatid (which has been drawn light), has two well- 
developed super coils in each arm. 2-chromosome Holo- 


mastigotoides sp. from Coptotermes niger Snyder from 


Panama. 


49. Prophase chromatids of 2-chromosome Spirotricho- 
nympha mirabilis trom Porotermes adamsoni Froggatt from 
A.C.T., Canberra, Australia. Major coils only shown in 
two chromatids on left and both majors and minors shown 
Centromeres median and submedian. 





in those on right. 
50. Telophase chromatids shortly before cytoplasmic di- 
vision. median. Chromatid on left 
only super coils shown in each arm. The left arm of the 
other chromatid has minors, majors, and supers shown; the 
right arm has only majors and supers shown. 2-chromo 
some Spirotrichonympha mirabilis trom Porotermes adam 
sont Froggatt from A.C.T., Canberra, Australia. 


Centromeres nearly 


51. This is a metaphase of the same organism shown in 
figure 48. Two chromatids on left have terminal centro- 
meres attached to upper and lower corners of the achromatic 
in the right one, supers with majors incorporated 
in left one, minors incorporated in majors, 
The other two 


figure : 
in them shown; 
and majors incorporated in supers shown. 


chromatids have median centromeres attached to the upper 
and lower right corners of the achromatic figure: in left 
one, only supers shown in both arms; 
has majors incorporated in supers: 
majors, and the beginning of supers shown. 


in right one, left arm 
in right arm, minors, 
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52. Trichomonas [= Pseudotrypanosoma]| gigantea from 
Porotermes adamsoni Froggatt from A.C.T., Canberra, Aus- 
Anaphase chromatids with median and near median 
centromeres. Chromatids on right, major coils only shown; 
those on left, minors incorporated in majors. Note very 
large astral rays characteristic of this and closely related 
Distal ends of the elongate centrioles are bent so 
spindle portion of the achromatic figure 


tralia. 


species 


that the central 


68 


which they produce is nearly a complete cylinder. No cen- 
trosomes on distal ends of centrioles 

53. Trichomonas sp. from Porotermes adamsoni Froggatt 
from A.C.T., Canberra, Australia. Telophase after nuclear 
division. Only major coils shown in chromatids in right 
hand nucleus; both minors and majors shown in those of 
left hand nucleus. In this genus, the nuclear membrane re 
mains intact during division 
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. hall 7] 
aiter nuclear division of Joenina pulchella 


Porotermes adamsoni Froggatt from A.C.T., Can- 


Australia 


Centromeres are subterminal and median. Fic. 


Only majors shown in chromatids of upper nucleus; majors 


and minors 


shown in most of those in lower nucleus. In 


this and related genera of the Lophomonadidae centrioles FIG 


are not elongate; 
practically all of their surface; they have no centrosomes. 


The 1 


fibres of the achromatic figure arise from 


1ew centriole produces extranuclear organelles in this iG 
generation and, together with the old one beside it, will take 


70 





part in producing an achromatic figure in the next gen- 
eration. 


55. A single telophase chromatid of Barbulanympha from 
Cryptocercus punctulatus. Centromere is median or nearly 


SO. 

56. <A telophase chromatid, with median centromere, from 
Pseudotrichonympha sp. from Prorhinotermes simplex 
Hagen from Coral Gables, Florida. 

57. A telophase chromatid from Oxrymonas [= Saccino 


baculus| doroaxostylus from Cryptocercus punctulatus 
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HROMATID 


PLATE 2: 
58. Telophase chromosomes after cytoplasmic division and 
before twisting has begun. Both chromosomes are anchored 
to the free, distal end of the old centriole which, for most of 
its length, follows flagellar band 4. The two chromosomal FG 
membranes are fusing to form a long, narrow, new nuclear 
membrane. Pieces of old terminal nucleolus within mem- FIG 


brane surrounding short chromosome. 
58>. Five gyres of relational coiling of the short (light) 


chromatids and five of the long (dark) chromatids. Ter 
minal nucleoli of sister chromatids fused; those of short 
chromatids just beginning to form 

58d. Individual major coils of each chromatid are very 
close together. In double-chromatid chromosomes, there 
are never any major coils of chromosomes. 

58 \ small portion ot the anterior or centromere end of 
each chromatid showing that small, minor coils are incor 


porated in each major coil. 7,200 


59a 


Individual twisting of chromosomes has begun. Be 


ginning stage of collapse of matrix. Chromosomes now in 


common nuclear membrane. New flagellar band 5 and new 
centriole are growing out. 


59/ Relational coiling of chromatids of both short and 


/ 


i) 


HROMOSOMES 


*) 


long chromosome—four gyres in short one and six in long 
one. All terminal nucleoli fused; laterals of long chro 
matids fused. 

59d. Chromatids appear longer but their major coils are 
still very close together. 

60a. More individual twisting of chromosomes. Nucleus 


has become wider and shorter to accommodate changes in 
chromosomes. 

60>. Relational coiling of chromatids looser but none has 
come out; six gyres in short sister chromatids and nine in 
long ones. The fact that more gyres are present here than 
in the two earlier stages is merely a matter of individual 
Variation. nucleoli of sister chromatids fused; 
laterals of fused. New achromatic 
formed. 

60d. Major coils considerably looser due to collapsing of 
matrix in which each chromatid is embedded. Duplication 


Terminal 


long ones figure has 


of centromeres has occurred and the centromere ends of the 
chromatids have separated, only one chromatid in each sister 
pair moving. Duplication of chromatids occurred in previ 
ous early prophase but centromere duplication, unlike that 
of single-chromatid chromosomes, does not occur until now. 
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Mort 


/. Relational 


progress in twisting of chromosomes 
chromatids | still 
chromatid. 


present. 


coiling of 
ll along each They 


ave all but disappeared and will not be shown again until 


1 new generation is produced in the prophase 


(by contrac 


tion of the matrix). 
6le. Detail of centromere ends of each chromatid showing 
minor coils in the greatly relaxed, disappearing majors 
7,200 
2a. Much individual twisting of chromosomes. 
62 Relational coiling of chromatids much looser but none 
as come out. 


Duplication of chromatids has occurred. Each chro- 


matid is now composed of two half chromatids. The half 
chromatids have very many gyres of tight relational coil- 
ing. Two generations of relational coiling are now present, 
that of chromatids which was produced at this stage (early 
prophase) in the last generation, and that of the half chro- 
matids which has just been produced. Note that centro- 
meres in double-chromatid chromosomes are not duplicated 
when the chromatids are. This does not occur until lat 
telophase. 

Detail of centromere 
in all) showing their minors. 
this stage. The bending of the 
chromatid is produced by the tight relational coiling of the 
7.200 


Fic. 62¢ ends of half chromatids (eight 


No majors are present at 
chromonemata of 


1..1f 
Nall 


each 


half chromatids 
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ic. 64 Howeve is been Mack 
vinding ot he sister half chri 
tids They, as well as t chromatids and chromosomes 
now appear much shorter thar en plication or ‘ 

I 64d. Contraction of tl matri is cause the 
nema of half chromatids to bend on itself and thus begin a 
new generation of major coils in which the ever present 
ninors are incorporated Phes« rly, loose majors, like 
the later tight ones, are smaller than thos f sinel , 
matid chromosomes (see figs. 17d—20d 
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Fic. 66. Relational coiling of sister half chromatids is comin 
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hic. 73. Here are the four chromatids, two non-sisters in each ic. 73¢ Detail of centromere ends of two pairs of half chro 
group, drawn as they appear when greatly overstained. matids (sisters and non-sisters). Here one sees that ea 
One cannot see that each is composed of two relationally major coil of each half chromatid has minor coils incorpo 
coiled half chromatids and that each half chromatid has in ated in it x 7,200 
ajor and minor coils. Central spindle is greatly ic. 74d. Central spindle has pulled apart. Pieces of nuclear 
material are breaking away and becoming free in the cyto 
‘ , , plasm. Clear demarkation of nuclear material which will 





me sees the two relationally cotled sister halt ‘ P ° ° ‘ 
‘ ‘ ‘ ’ and which will not be discarded into cytoplasm. Note here, 
chromatids of each chromatid : 2 “ie 
and also in earlier figures, that the membrane separating 








G. 73d. Here one sees the tight major coils of each half chro the nuclear material to be discarded from that to be re 
matid. Nucleus has discarded a good deal of its material tained forms around each chromatid rather than around 
into the cytoplasm. The half chromatids are beginning to each half chromatid. In this respect, and also in the nun 
roduce new terminal nucleoli as indicated by the joining, ber of centromeres present, single- and double-chromatid 

some instances, of their distal ends chromosomes are alike 
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5 Remains of each half of the achromatic figure, one 
I g re ith ach daughter nucleus Note the great 
ft n size of the nuclei he small one, by means of 


figure, is anchored to the 
This will be 

It always 
liscards its nuclear material into the cytoplasm earlier than 
fifth flagellar band 


slightly behind schedule Major coils as in 


achromatic 
fifth flagellar band 
posterior daughter cell 





nucleus of the sm 
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e other nucleus. Pulling away of the 


previous 
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Fic. 76d. Fitth flage 


given 


behaving as it usually does at a 
stage in nuclear development. In other words, be- 
havior of both nucleus and flagellar band are 
rdinated. Band has made about two turns in uw 
itself from other bands spindle pro- 
duced by centriole that follows band 4 present: nothing leit 
that follows band 5 is i 
behavior. No change in major coils. 

ic. 77d. More i flagellar 


ther features much as in two previous figures. 


properly co- 
winding 
Remains of central 
of that produced by centriole This is 
1sual 
band 5 


unwinding by 
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78. Entire cell at low magnification to show progress in 
unwinding of flagellar band 5. 590. 

78c. Relational coiling of sister half chromatids, in pos 
terior and anterior daughter nuclei, has not changed since 
the late prophase when contraction of the matrix of eacl 
half chromatid stopped. 

78d. The major coiling of the sister half chromatids als 
has not changed at all since the late prophase. 
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79. Entire cell at low magnification 


vand has almost completed its seemingly difficult task of 
from the other four 


un 
id 


and separating itself bands 


590) 


and an 


nucl 


79d. Major coils of of developing posterior 
daughter cells still as in late prophase. The 


‘loping posterior daughter cell is suspended by the 


neler 
nuciel 





cTio}l 


i the deve 


centriole which, for most of its length, follows flagellar band 
5 The membranes surrounding the chromatids of this nu- 
cleus are fusing to form a new nuclear membrane 

80. Entire cell at low magnification. Further progress in 


t 


r 


flagellar band 5 and recoiling of this band in 
parent cell (this will be the anterior 
‘ell after cytoplasmic divi 


mwinding of 
e posterior end of the 


nd of the posterior daughter « 


90 





onstriction of the cytoplasm preparatory 


equal, transverse division of the cell, producing a large, a1 


sion). 
terior daughter and a small, posterior daughter cell (se 
figs. 38, 39). 
80d. No change in major coils since late prophase 
ently cell division will occur and the major coils wi 

to the telophase after cytoplasmic division 
In 


590 


ll con- 


unchanged 
58d ) 


tinue 
stage ( fig 
the posterior nucleus, old, discarded nucleoli and developing 
In the anterior nucleus, new terminal 


where the illustrations of them began. 


new ones are present 


nucleoli must be developing; otherwise the ends of the half 
chromatids would not be fusing: a portion of one nucleolus 
is about to be discarded from the nucleus (on the right) and 


a discarded nucleolus lies in the cytoplasm to the left of the 


nucleus 
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81 lelophase after cytoplasmic division of a 3-chromo- 
some variety of //. tusitala. Two long (dark) chromo- 
somes with lateral and terminal nucleoli and one short 
(light) chromosome with only a terminal nucleolus All 
terminal nucleoli fused. The three chromosomes are each 
omposed of two relationally coiled chromatids, and each 


tight major coils in it. 
centriole of the 5th flag- 


chromatid has many gyres of 


Chromosomes are anchored to the 
llar band by the remains of the achromatic figure (chromo- 


somal fibres ) 


illustration 
(light) 
occur in approxi- 


2. This is the same as the except 


two of the 


previous 
short 
Both types of aneuploids 


chromosomes are and one is 


eg (dark) 





mately equal numbers 

83. Prophase of a 3-chromosome variety of H/. tusitala 
which, by division, will produce two nuclei like the one il- 
lustrated by figure 81. It has four long and two short chro- 
matids, each chromatid being composed of two relationally 
viled half chromatids, and each half chromatid has many 
gyres of tight major coils. 

84. Two-chromosome or haploid variety of H/. diversa. 
Prophase after resting stage. Achromatic figure has begun 
to grow following resting stage but has not made contact 
with nucleus. Four chromatids present and each is 
composed of two relationally coiled half chromatids. (In 
H/. diversa at this stage there are usually fewer gyres of 
relational coiling of half chromatids than in H. tusitala. 
Centromeres were not duplicated when chromatids dupli- 


cated each half chroma- 


are 


and became half chromatids ; hence 


Fic. 


tid has the centromere 
tromeres this is a haploid; 


like all double 


sam From the standpoint of cer 
irom the standpoint of cl 


chromatids, could be termed a 


1romo 
somes it, 
diploid. 

85. Four-chromosome or 


diploid variety of H/. diversa 


Prophase just after resting stage. Achromatic figure lies 
than in previous illustration and 
it makes contact 

) } 


farther away chromatids 
will appear to shorten considerably before 
with them. Eight chromatids are present, each being made 
up of two relationally coiled half chromatids. The 
tids also have some relational coiling left in them 
this is an earlier stage than the haploid shown in the previ- 
ous illustration, the major coils of each half chromatid 
should be smaller, but I doubt that all the difference in size 
can be explained on this basis. 

86. Spirotrichonympha mirabilis trom P 
sont Froggatt from A.C.T., Canberra, Australia. 
phase chromatids, each chromatid being composed of two 
relationally coiled half chromatids. Centromeres are median 
or nearly so. Super coils only shown in the two chromatids 
on left: in upper right chromatid, relational coiling of half 
chromatids is shown in both arms; in lower right chromatid, 
major coils are shown in both arms. It should be noted 
that when double chromatids develop super coils, the two 
half chromatids are incorporated into common super coils; 
individual as in the majors and 


chroma 


Sine e 





roternics ad 


KF ur pre = 


they are not separate or 
minors. 

86e. Portion of the chromatids of 86 to show that minors 
are incorporated in majors, just as in Holomastigotoides. 
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PLATE :; 


how prolonged fusion of all terminal 


leoli sometimes retard the unwinding of relational coiling of 


t 1, 
rroduce ¢ 


1s | ontortions 
87 All nucleoli fused. Both short and long pairs of sis- 


ter chromatids dis 


- 


is a 
the ha 


Since not all of the relational coiling of 


matids 
very little 


RS Al] 





comes 


until a 


short time 
before this nucleus was fixed nucleolus and its chro- 
matid pulled away. When freed, this chromatid rotated and 
thus removed most of the relational coiling between it and 


its sister I 


terminal nucleoli 





he nucleoli of the other pair of chromatids have 


94 


7) 
4 


remained fused and this pair (dark ones) not 
rotate, has kept much more relational coiling t 
at this stage in its life cycle 

There 
half chromatids in either pair of sister chromatids. 
the inability of the short chromatids to unwind did 
tard the unwinding of the half chromatids; they have 
more gyres than the half chromatids of the long pair. 
Here the 
that some of the retardation of the 
matids may still be seen. 





88c is no difference in the relational coiling 


89b. fused nucleoli have come apart so 


unwinding of the 


89c. The unwinding of the relational coiling of halt 


matids has not been retarded 
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being a 


chr 


recent 
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P! 
90. Telophase of //. diversa showing how in this longitu- 
dinal dividing species four flagellar bands unwind in one 


direction and four in the other, each set of bands carrying a 
nucleus with it. One set is viewed vertically; the other 
laterally. In this species individual membranes form around 
each chromatid in metaphase, the other material is discarded, 
and by telophase the membranes are fusing to form a new 


nuclear membrane. Centrioles are shorter than those of 
H. tusitala. Central spindle is pulling apart 1,500. 

91. Two posterior daughter cells attempting to fuse. Each 
still has a single flagellar band 740. 

92. An example of transverse division of Holomastigo- 
toides sp. with two flagellar bands (from Prorhinoterimes 
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ull- 


is doing all 


One band, the upper one, the 


When unwinding is completed, transverse divi 


simplex). 
winding. 
sion of the cytoplasm occurs and produces a posterior and 
anterior daughter of the same size, each daughter having a 
740. 

A posterior daughter attempting to fuse late 
Sometimes three or 


single flagellar band. 
93. with a 
prophase cell with five flagellar bands. 
four, and in a few instances as many as five or six, posterior 
daughters attempt to fuse with (enter) a cell like this one. 
The single and double-chromatid varieties always attempt 
themselves, and neither ever attempts to fuse 


740. 


to fuse with 
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versa 
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Aberration, relation of “free ends” to nu 
cleoli, 11 
Achromatic figure, breakdown of, 10, 11 
connection to nucleus, 4, 3 
evele of (in H. diversa), 10, 11 
description of, 8-11 
growth of, 9, 10, 15 
function of, 4, 8, 9 
nhibition of (artificial), 21 
movement of chromosomes by, 9, 15, 16 
occurrence of, 4 
origin of, 9, 16 
persistence of (in //. tusitala 4,7 
resting stage of, 10, 15 
staining of, 2, 11 
unipolar, failure to function, 17 
Anaphase (poleward) movement, tailur 
f, in unipolar achromatic figures, 17 
lation to major and minor coils, 15 
Aneuploidy, occurrence of, 4, 5, 6, 8 
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moval of, 21 


centromeres, position ot, 20 
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10, 11 


Central spindle, 
disappearance of, 
tunction ot, 3 

growth of, 9, 10 

10 

description of, 8-11 
development of, 4, 16 
effect of molting hormo 
H. diversa, 8 
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origin of, 9, 
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origin 

persistence of, 1, 7 

position of, 

relation of: t 
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bands, 3, 7, 8 


of 
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» achromatic 
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entromeres, behavior of, 17 
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figure, 9, 16, 
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romonemia, 


(in 


In 


I 


omatid 


0: to nuclear membrane, 11, 12 
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torms, 


17 


occurrence 


me1osis 


individuality of, 20 





movement of, by achromatic fig 7 
16, 17 

position of, 20 

relation of: to achromatic figure, 20; 


to chromosomal fibre, 20; to chromo 


some, 20 


separation of (before contact with as 
tral ray), 16, 17 

staining of, 20 

terminal, 2, 6, 8, 19, 20, 24 

use of phase contrast in studying, 12, 20 


ntrosome, of, 8 


relation to centriole, 8 


occurrence 


Chromatids, definition and discussion of, 2 
double, 5 
duplication of, 14, 18 

(in cytoplasm), 12 


Halt chromatid 
>? 


Ire 
| alf, see 
in meiosis, 
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in mitosis, 





matrix of, development, 18 
‘aration of, 8, 15 
rle. 5 
types of, 1 
nwinding of, 9, 15 
Chromonema, attachment of nucleolus to 


,12,1% 

coiling of, 12, 13 

connection of, to centromere, 20 
duplication of, in meiosis and mite 20) 
(apparent) of, 12, 14 
oss of “twists and kinks” of, 22, 
relation of, to matrix, 12, 13, 23 
rotation of, 9, 14, 15 


bending of 


elongation 


staining of, 12, 20 
use of phase contrast microscope in 
studying, 12, 20 
Chromosome, aberration, 11 
centromere on, position of, 2, 6, see also 


Centromere 
19 


ing ot, l, 3, 6, 8, 22. see also ( oiling 


chemistry of, 

coil 

components of, 12 

connection to achromatic figure, 4, 8—12 
15-17 

cycle of, in meiosis and mitosis, 17 

“daughter”-, see Chromatid 

duplication, 
tion 


evolution of, 5 


see Chromosomal duplica 


tibre, see Chromosomal fibre 
identification of, 11 

major coils of, see Major coils 
matrix of, see Matrix 


membrane of, see Chromosomal mem 


brane 
minor coils of, see Minor coils 
morphology of, 19 
movement of, see Chromosomal move 
ment 
numbers of, in different stages, 2, 5 
ot flagellates, comparison to those 


higher organisms, 1, 19, 20 


ot 
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see 


figure, 
centromere, 
to 
see also Nuclear mem 


achromat 
figure: to 
entromere ; 


relation of: to 
Achromatic 
20, see also ( nuclear 
membrane, 11, 
brane 
removal (artificial), 21 
resting stage of, see Resting stage 
rotation of, see Rotation 
shape of, 2, 4 
“splitting” of, 16 
staining of, 2, 11, 12 
terminology of, 2 
types of, 1, 5, 12, 16, 2 
use of phase contrast 
studying, 12, 20 
Chromosomal duplication, definition and 
r, 16 
in mitosis and meiosis, 17 
12, 14, 18, 22, 23 
12 
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discussion of, 


occurrence of, 3, 9, 


relation of, to nuclear membrane, 
Chromosomal fibre, definition of, 9 
origin and function of, 8-10, 16 
‘" 


centromere, 20 


relation of, nuclear membrane and 


Chromosomal membrane, formation of, 11 
12 
relation of, to 


12 


new nuclear membrane 


Chromosomal movement, by achromatic 
figure, 9 
during anaphase, 9 
during prophase, 9 
during telophase, 9 
Chromosomal twisting, cycle of, 24, 25 
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of, 


ccecurrence 


origin of, 





types of, 
Major 
Relational coiling, 


cou, Su 


see Individual coiling, 


Minor coils, 


“Standard 


Coiling, 
coils, 
“Relic coiling,” 
per coils 

in resting stage, 19 

Coptotermes, Holomastigotoides 


Crossing over, in mitosis, 2 


relation of, to formation of nuclear 
membrane, 12 
Cryptocercus, meiosis and sex of proto 
zoa in, 18 
molting hormone in, effect on oxygena 
tion, 21 
protozoa in, related to Holomastig 


toides, 5 


of: longitudinal, 4, 
species with 4, 5; 
12; transverse, 4, 
types, 4; 


Cytoplasm, division 
relation to nuclear 
membrane, species 
with, 5, 8; unequal, 5, 8 
incompatibility of, in types of //olomuas 


tryotoides, 5 


Diploids, functioning of centromere in, 17 


occurrence of, in Flolomastigotoides, 3 
11 
size of, in H. diversa, 8 
Diploidy, 


chromatids in [/ 


as regards centromeres and 
18 


diversa 
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Double chromatids, cycle of centromeres 
in, 17 
cycle ot coiling in, 16, 24, 25 
cytoplasm of cells with, 5 
definition of, 12 
major coils of (size), 16 


t 
XK 


mitosis of, relation to meiosi 

occurrence of, i, a 23 

relational coiling of, 16, 19 

resting stage of, 19 

st paration of centromeres of, 17 
Duplication, of centriole, 4, 8, 9, 16 

of centromere, 9, 16, 17 

of chromatids, 14, 17, 18, 19 

of chromonema, 20 


> 
of chromosome, 3, 9, 12, 14, 16, 18, 22, 


4 

3 

Kndomitosis, definition of, 24 
explanation (probable) of, 21 
haploidy to diploidy by, 2 

Endopolyploidy, in Barbulanyimpha, 21 
in insect cells, 21 


Fertilization, in Trichonympha, 18 
relation of, to chromosome and centro- 
mere cycle s, 17 
relation of, to zygotic meiosis, 17 
Flagella, occurrence of (in Holomastigo 
toides), 6 
origin of (in Holomastigotoides), 6 


l-lagellar bands, coiling of, 3, 6, 7, 8 
connection to centriole, 3, 9 
growth and development of, 3, 16 
numbers of, in /folomastigotoides, 3 
origin of, 3,8 
parts of, 6, 7 
rigidity of, 7 
rotation and unwinding of, 7, 10, 11 


separation of, 4, 6, 7, 8, 10, 11 


ametes, anucleate, production of, 20 

functionless (in //olomastigotoides), 5 

number of genes of, in double and sin- 
gle chromatid forms, 23 

production of, in protozoa of Crypto- 
cercus, 3 

Gametogenesis, in Trichonympha, 18 
relation of, to meiosis, 17 

Gene, in double and single chromatid 


forms, 23 


Half chromatids, see also Double chroma 
tids 
common centromeres of, 17 
definition of, 16 
relation to chromatids and chromo 
somes, 16, 19 
Haploids, functioning of centromere in, 17 
occurrence of, in Holomastigotoides, 5, 
8, 11, 17, 18 
Haploidy, as regards centromeres and 
chromatids of [/. diversa, 18 
Heteroptera, centromeres of, relation to 
higher organisms, 20 
“diffuse” or “polycentric” centromeres 
in, 20 
Heterotermes (= Leucotermes), Holo- 
mastigotoides in, 3, 4, 5 


Tlodotermes. protozoa of, 3 


INDEX 


Holomastigotoides, aneuploidy in, 4, 5 
chromosome morphology in Prorhino- 
termes, 19 
chromosomes of, 1, 5 
classification of smaller species of, 5 
flagellar bands of, 3, 4 
nuclear membrane of, 11 
occurrence of: in ( optotcriies, a «3 
in Heterotermes, 3, 4,5: in Prorhino- 
termes, 3, 4, 5, 6, 19: in Psammo- 
termes, 3, 4, 5 
polyploidy in, 4 
sexual cycle, remnants of, 5, 18 
survival of transverse and longitudinal 
forms, 5 
H. diversa, sp. novum, achromatic figure 
of, 15 
axostyles of, 8 
centrioles of, 8-10 
centromeres of, 18 
chromosomal fibres of, 8-10 
division in, 5 
flagellar bands of, 8 
loss of nuclear material in, 12 
loss of nuclear membrane in, 12 
new nuclear membrane of, 12 
parabasals of, 8 
resting stage of, 10, 15 
size of chromosomes of, 8 
types of, 8, 11 
/1. tusitala, sp. novum, achromatic figure 
a. 1,5% 3% 
axostyles of, 7 
centrioles of, 7-9 
centromeres of, 1, 7-9, 17 
chromosome membrane of, 11, 12 
‘hromosomes of, 1, 2, 6 
flagella of, 6 
forms of, 6 
loss of nuclear material in, 12 
nuclear division of, 5, 7 
parabasal bodies of, 6, 7 
parabasal thread of, 7 
persistence of achromatic figure in, 7 
“aces of, 6 
resting stage of, 15 
varieties of, 6 
Homoptera, centromeres of, relation to 
higher organisms, 20 
“diffuse” or “polycentric” centromeres 
in, 20 
Hypermastigote flagellates, comparison of 
chromosome morphology of, to higher 
organisms, 19 


possible sexual cycles of, in termites, 5 


Individual coiling, see also Major coils, 
Minor coils, Super coils 
continuous presence of, 3, 22, 24, 25 
of chromosomes, chromatids, half chro- 
matids, 25 
relation of : one type to another, 23, 24; 
to relational coiling, 13; to duplica- 
tion and separation, 24; to nuclear 
and cell division, 24: to twisting, 13 
Individual twisting, loss of, 18 
occurrence of, 13, 14 ° 
origin of, 24 
“Internal” coiling (= individual coiling), 
discussion of, 21, 24 
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Interphase, relation of, to resting stage, 


1 > 

TT. 
] ° y . = 
Leptospironympha, sexual cycle in, 5 


Vacrospyronympha, sexual cycle in, 5 
Major coils, cycle of, 24-25 
definition of, 21 
difference in direction of, 22 
disappearance of, 3, 12, 14, 18, 22, 24 
during resting stage, 19 
formation of, 14, 15, 18, 22 
in meiosis 1, 25 
occurrence of, 14, 16, 23, 24 
of chromosomes, 1-4, 6, 8, 11, 12 
of double chromatid forms, 16 
relation of: to matrix, 12, 22; to minor 
and super coils, 12 
size of, 2, 5, 6 
staining of, 2 
Mastotermes darwiniensis, loss of proto- 
zoa at molting in, 5 
Matrix, contraction of, 10, 12, 14, 15, 18 
19, 24 
cycle of, 12 
diffusion ot, into nucleus, 13, 14 
disappearance of, 12, 14, 16, 18, 19, 22, 
24 
relation of : to chromonema, 12, 13; to 
loss of relational coiling, 15; to ma- 
jor and super coils, 12, 14-16, 18, 24 
removal of (artificial), 12 
role of, in meiosis, 15 
staining of, 12 
torsion produced by, 15 
use of phase contrast microscope in 
studying, 12 
Meiosis, coiling of chromosomes in, 23 
comparison of, to mitosis, 15, 17, 18, 20 
cycle of chromosomes and centromeres 
in, 17 
duplication ot centromeres and chromo 
somes in, 20 
function of centromeres and super coils 
in, 15 
gametic, 2, 17 
in Barbulanympha, 18 
in Trichonympha, 18 
relation of: to environmental factors, 
17, 18; to gametogenesis, 17, 18; to 
mitosis, 17; to mitosis of double 
chromatid forms, 18 
relational coiling of, 17 
role of centromeres in, 17, 20 
zygotic, 2, 17 
Minor coils, continuous presence ok. 3, 22 
24, 25 
cycle of, 24, 25 
definition of, 12, 13, 21 
of chromosomes, 1, 3, 11, 12, 14, 16, 23 
24 
origin of, 12. if 
relation of : to chromosome duplication, 
14, 15; to majors, 12, 15: to supers, 
12 
role of, in relational coiling, 3, 4 
staining of, 2 
tension on (by matrix), 13, 14 
use of phase contrast microscope in 
studying, 12 
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\litosis. centromere and cl mosome di 
plication in, 17, 20 
comparison to meiosis, 17 
diploid, with tetrads and crossing over 


Molting hormone, effect 


21: on chromosomes with low ten 
sions of oxygen, 21; on oxygen ton 
icity, 21; on roach, 5, 18 

role of, in gametogenesis, fertilization 


and metosis, 18 


development of, 12 

disappearance or, ll, 12, 17 

persistence ol, 12 

relation of: to cell division, 12; to cen 
tromeres, 11, 20; to chromosomal 
membrane, 12; to crossing over, 12: 


to nuclear division, 12; to pairing, 


12; to prophase, 12; to telophase, 12 


removal of (artificial), 21 
Nucleolus, connection of, to chromosome, 
1] 
cycle of, 11, 16 
disappearance of, 11 
free, 1] 
fusion of, 11, 16 
sion of, role in unwinding of rela- 
tional coiling, 15 
lateral, 4, 6, 8 
relation of : to chromosomes, 7, 11; to 





lar bands, 7; to “free ends” 
(and aberrations), 11 
“stem” of, 11 
terminal, 6, 7, 8 
use of, in identification of chromosomes, 
4, 31 
Nucleus, discard of material of, 12 
division of, 8, 10, 11, 24 
loss of material of, 12 
membrane of, see Nuclear membran« 
relation of, to axostyles, 4 
resting stage ot: defined, 4: in 
plants and animals, 14; in interphase, 
4+; in prophase, 4, 10; in telophase, 4 
separation of daughter (in H7. tu: 


es 


ugher 


tala), 





/ 


Oxygenation, effect of, on chromosomes 
of Trichonympha, 21 
low tension of, effect on centrioles of 
Barbulanympha, 21 
Oxymonas, position of centromere of, 20 


Pairing, in diploid mitosis, 2 
relation of, to formation of nuclear 
membrane, 12 
Parabasal bodies, description of: in H 
tusitala, 6,7: in H. diversa, 8 
position of, 7 
support of, 7 


on centrioles, 


Parabasal thread, position of, 7 
Phase contrast microscopy, use of, in 
studying centromeres, 12, 20 
in studying chromosomes, 12, 20 
Poleward movement, see Anaphase m« 
ment 
Polyploidy, in Holomastigotoides, 4 
probable explanation of, 21 
Prorh termes, distribution of genus, 19 
Holomastigotoides in, 3-6, 19 
Protozoa, loss of, in molting termite, 5 
position of centromeres in, 20 
sexual cycles of, in Cryptocercus, 18 
Psammotermes, Holomastigotoides in, 3-5 


Pseudotr honympha, position ot centro 





mere of, 20 


Pyrsonympha, position of centromere of, 


Relational coiling, appearance of, 13, 19 
cycle of : in double chromatid forms, 13, 
"16, 18, 19, 23, 24, 25 
matid forms, 13, 2 
definition of, 13, 14 
disappearance of, 9, 10, 12-16, 18, 19, 22 
generations of, in double chromatids, 18, 
24, 25 
ot chromatids, 3, 11, 13, 14, 15, 18, 24 
of flagellar bands, 3 
ot half chromatids, 3, 11, 13, 14, 16, 18, 
19, 23, 24 
origin of, 15, 16, 22, 23, 24 
relation of: to fusion of nucleoli, 15; 
to individual coiling, 13; to minor 
coils, 15, 22, 23 
Relational twisting, appearance of, 13, 14, 
18, 19 
detinition of, 13, 14 
disappearance of, 13, 14, 18, 19 
origin of, 22, 24 
relation of, to coiling, 13, 24 
types of, 23, 24 
“Relic” coiling ( “Relic spiral”), con- 
sideration of, 14, 21, 22, 24, 25 
Resting stage, coiling in, 19 
duration of, 10, 19 
ot double chromatid forms, 19 
relation of: to interphase, 24, 25 
prophase, 4, 25; to telophase, 4, 25 
time of, 24 
twisting in, 19 
Reticulitermes, protozoa of, 3 


in single chro 


5 








Rhinotermes, protozoa ot, 3 
Rotation, of chromatids, 15 
of chromosomes, 15 
of half chromatids, 18 
hyachonympha, position of centromere 
of, 20 


Succmobaculus, position of centromere of, 
) 
20 


Schedor] inotermes, protozoa of, 3 
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Sexual cycle, see also Gametogenesis 
Gametes 
evolution of, in Holomastiyotoides, 3 
presence and loss of, in termites, 5, 
Single chromatids, attachment of, to 
achromatic figure, 16 
cycle of coiling in, 24, 25 
definition of, 12 
description of, 12-16 


> 


occurrence ot, } 
separation of, centromeres of, 16, 17 
Spindle, see Central spindle, Achromati 


figure 


tat 


Spirotrichonympha, chromosomes of, 1, 
double chromatid forms of, 5 
nuclear membrane of, 11 


“Splitting” of chromosome, see also Chro- 


mosome duplication 
discussion of, 16 
Stains and fixatives used, 2, 12 
“Standard coil,” 24 
Super coils, cycle of, 15, 24, 25 
definition of, 21 
disappearance of, 3, 24 
occurrence of, 14, 23, 24 
i of, to matrix, minors, majors, 





role of, in meiosis I, 15 
staining of, 12 


Telophase movement, of chromosomes, 9 
Termites, loss of protozoa in, at molting, 
5 
loss of sexual cycles ot protozoa in, 18 
relation of protozoa of, to those in 


Cryptocercus, 18 
Spirotrichonymphidae in, 18 


] 


Tetrads, in mitosis, 2 


Torsion, discussion of, 21, 22 
relation to matrix contraction, 15 ' 
role in unwinding of relational coiling, 


15 
Trichonympha, centromeres and chromo- 
somes of, 20 
cysts of, 18 
gametogenesis, fertilization, and meto 
sis in, 18 
molting hormone of roach, effect on, 18 
oxygenation of, effect of molting hor- 
mone on, 21 
Twisting, see also Chromosomal twisting. 
Individual twisting, Relational twist- 
ing 
in resting stage, 19 
of pairing prophase chromosomes, 23 
relation to coiling, 13, 24 
types ot, 13, 14 


~~ 


Uriny mpha, position ot centromere of, 20 


Zygote, number of genes of, in double and 
single chromatid forms, 23 


) 
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